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FOREWORD
 
This final report describing the results of the LOFT Instru­
mentation Study is submitted to NASA Goddard Space Flight Center
 
as required by Article Ii of Contract NAS5-21022.
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ABSTRACT
 
This report covers the results of a study to define the flight
 
test instrumentation requirements for three interim scale models
 
of a LOw Frequency radio Telescope (LOFT) program: a 5-m diameter
 
suborbital flight model, and 50-m diameter orbital and suborbital
 
flight models.
 
LOFT is a large deployable paraboloidal antenna being developed
 
for radio astronomy research at frequencies as low as 1 MHz.
 
The purpose of the instrumentation systems studied is to per­
mit engineering evaluation of the LOFT test model design with em­
phasis on the measurements to (1) verify the proper deployment of
 
LOFT; (2) determine LOFT antenna contours for evaluation of ex­
pected rf performance and dynamic analysis; and (3) determine rf
 
radiation patterns.
 
The procedure followed in the study was to first determine the
 
applicability of the instrumentation of the 50 Meter LOFT orbital
 
mission, then to check the compatibility of the system with the
 
requirements of future intermediate and full-scale models, and the
 
flight objectives of a 50-m suborbital LOFT mission. The possible
 
use of earlier suborbital flights to provide flight test evaluation
 
of the instrumentation systems developed for the 50-m orbital
 
mission was evaluated.
 
It was concluded that (1) antenna'contour can be measured to
 
the required accuracy using a radar ranging system, a laser rang­
ing system, or a triangulation system employing facsimile cameras;
 
(2) of the systems studied, laser ranging is the best contour meas­
urement system; (3) antenna radiation patterns can be measured
 
using a transmitted signal from the ground or from a cooperative
 
satellite; (4) lightweight temperature and force sensors suitable
 
for LOFT antenna installation are not currently available; and
 
(5) photography of the entire LOFT antenna cannot be done with
 
available television cameras.
 
Recommendations are made and costs are developed to initiate
 
development of a laser ranging contour measurement system and a
 
facsimile camera system for antenna net photography coverage dur­
ing deployment.
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I. INTRODUCTION
 
A. BACKGROUND
 
A program has been defined under the Goddard Space Flight
 
Center research task, "Structures for Orbiting Radio Technology"
 
(SORT), whose objective is to develop the structures technology
 
required for design of a unique orbital class of very large and
 
very lightweight spin-deployed parabolic antenna structures.
 
The "LOw Frequency radio Telescope" (LOFT) Concept to monitor the
 
1 to 10 MHz frequencies that do not generally penetrate the ion­
osphere was generated as a means of meeting a stated requirement
 
of the Space Science Board of the National Academy of Sciences,
 
which met at Woods Hal1, Mass., in 1956 and indicated the need
 
for a space radio telescope with an extremely large aperture.
 
The development program anticipates the design, fabrication,
 
and test of interim scale models of increasing size and complexity
 
as a means of developing technical competence, i.e., 5- and 50­
m-diameter mo&els.. A 5 M LOFT model has been built, deployed,
 
and its dynamic response has been measured in the Goddard Space
 
Flight Center Dynamic Test Chamber by Astro Research Corporation,
 
Santa Barbara, California, under Contract NAS5-11596.
 
The LOFT overall configuration consists of a centrifugally
 
suspended reflector grid of flexible filaments held in a para­
boloidal shape by front and back tension stays. The stays 
emanate
 
from either end of a deployable mast, which is extended along the
 
spin axis to form a central compression column. The reflector is
 
an open grid net of flexible, very lightweight filaments of 0.006­
mm-thick Kapton. The front and back stays are of the same mate­
rial. A deployable broadband feed structure is mounted on the
 
forward end of the mast to complete the basic structure. The de­
ployment of the LOFT antenna is pictured on Figure I-1.
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F--Front
 
J Stays
 
- Reflector Net 
LOFT Deployment Complete 
Mast Extension 
Reflector Net Deployment 
Spin up Initiated 
LOFT Separated from
 
Launch Vehicle.
 
Figure I-I LOFT Antenna Deployment
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B. 	OBJECTIVE
 
The objective of this LOFT Instrumentation Definition Study
 
was to define the flight test instrumentation requirements for test
 
flights of the three interim scale models of LOFT:
 
1) 	50 M LOFT orbital flight model;
 
2) 	50 M LOFT suborbital flight model;
 
3) 	5-M LOFT suborbital flight model.
 
The flight test instrumentation system concepts defined were to
 
be of such scope as to permit an engineering evaluation of the
 
LOFT test model design and performance parameters within the
 
bounds of good engineering judgment and economic design. Both
 
suborbital and orbital flight and test model limitations were
 
taken into account. Consideration was also given to the instru­
mentation compatibility for application aboard the contemplated
 
future full=scale LOFT models.
 
C. 'STUDY DIRECTION AND LIMITATIONS
 
In order that the resulting instrumentation concepts be devel­
oped in as much depth as possible, the effort devoted to study­
ing systems of the spacecraft and launch vehicles was limited to
 
that required for definition of instrumentation necessary:
 
1) To verify LOFT deployment; 
2) To measure the LOFT antenna contours; 
3) To measure the LOFT rf radiation patterns. 
In general, the following procedure was followed in develop­
ing the instrumentation system concepts:
 
1) 	The applicability of the instrumentation to the 50 M
 
LOFT orbital mission was studied;
 
2) 	The compatibility of the system for use bn future 
1500 M LOFT missions was determined; 
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3) The compatibility of the instruments for meeting the 
flight objectives of the 50-m suborbital LOFT mission 
was evaluated; 
4) Flight test evaluation of instrumentation for orbital 
flight missions during earlier 50-m and 5-m suborbital 
flights was investigated. 
Of major concern during the study was the definition of instru­
mentation for those measurements requiring the application of new
 
techniques necessitating long-lead time development of new instru­
mentation hardware. In this category is the instrumentation for "
 
the measurement of the figure of the antenna in orbit, and to a
 
lesser extent that for providing photocoverage during and after
 
deployment, and for obtaining temperature and stress level data on
 
the extremely lightweight LOFT antenna reflector.
 
D. STUDY CONTENT
 
In Chapter II the configuration of the LOFT systems studied is
 
presented. Descriptions of the 50 M LOFT antenna and its deploy­
ment are provided. The designated launch vehicles, Delta N, Thor,
 
and Aerobee-150 are discussed and the general flight parameters
 
studied are outlined. Because the dynamic analysis of the 50 M
 
LOFT system had not been completed, it was necessary to assume
 
LOFT antenna dynamic frequencies:and amplitudes. The assumed val­
ues -are presented and the basis for the assumptions are discussed.
 
LOFT instrumentation requirements are presented in Chapter III.
 
The reasons for measuring antenna contour or figure and the desired
 
measurement tolerance are presented. Instrumentation requirements
 
are developed for the engineering evaluation of (1) LOFT antenna
 
rf performance; (2) the LOFT deployment system; and (3) the per­
formance of all spacecraft systems essential to the proper deploy­
ment of the LOFT antenna.
 
In Chapter IV, the studies made of methods of measuring LOFT
 
antenna figure.or dontour are presented. The studies cover a va­
riety of both optical and radar techniques. Concepts of techni­
cally acceptable methods using both radar and laser ranging were
 
developed.
 
- In Chapter V, the methods available to measure the radio fre­
quency radiation patterns and antenna gain are discussed.and a 
plan for accomplishing these measurements in orbital flight is de­
veloped.
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In Chapter VI, techniques for accomplishing the required flight
 
test measurements other than antenna figure and radiation patterns
 
are discussed. Particular attention is given to: (1) the measure­
ment of loads and accelerations below the threshold level of pre­
sent state-of-the-art sensors; (2) the measurement of loads, ac­
celerations and temperatures on the filamentary LOFT antenna re­
flector; and (3) the photographic coverage of the 50-m-diameter
 
LOFT during and after deployment. The basis for the selection of
 
laser ranging for LOFT contour measurement is presented.
 
The flight test instrumentation concepts for the 50 M and 5 M
 
LOFT models are presented in Chapter VII. Spacecraft configura­
tion concepts incorporating the instrumentation systems into basic
 
spacecraft design are presented.
 
Planning for the development and qualification of long-lead ­
time instrumentation hardware is presented in Chapter VIII. The
 
hardware discussed is the laser ranging system, the radar contour
 
measurement system, a facsimile camera, and a mast deflection
 
measurement system.
 
The conclusions of the study are presented in Chapter IX.
 
Recommendations are made to initiate development of a laser rang­
ing system and a facsimile camera for photographic coverage during
 
deployment. Additional effort is recommended in various areas
 
including experimental determination of optimum methods of antenna
 
net photography, and a study of an optimized targeting arrangement
 
for contour measurements.
 
The principal contributors to the study were:
 
Donald G. Shigley - Instrumentation Studies
 
Clement B. Cykowski - Optical Studies
 
Werner Koppl - Radar Studies
 
Dennis W. Holst - Radiation-Pattern Studies
 
Herbert H. Hotchkiss - Structural & Deployment Studies
 
Claude R. Howard - Dynamic Analysis Studies 
Lowell E. Stanley - Development Planning 
Gilbert M. Kyrigs - Configuration Studies 
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II. CONFIGURATION DATA
 
A. GENERAL
 
The objective of the LOFT Instrumentation Definition Study is
 
to define the flight test instrumentation for three interim scale
 
models of LOFT. Descriptions for the three missions are given
 
in the following paragraphs.
 
1. 	Mission Description: 50-m Orbital Flight Model
 
1) 	Delta N launch from ETR;
 
2) 	Life in orbit: 6 months;
 
3) 	Orbit: 28.50 inclination, 2000-km altitude;
 
4) 	Full systems model including attitude control, atti­
tude reference, rf systems, telemetry system, clock­
command system, power supply, spin-up system, and
 
full complement of instrumentation;
 
5) 	Antenna figure measurements for engineering evalua­
tion of dynamic modes, shape, alignment, fabrication
 
tolerances, and attitude control;
 
6) 	RF calibration using celestial source and satellite
 
source;
 
7) 	Attitude pointing reference using SCADS and solar
 
aspect sensors;
 
8) Data recording and dump out via rf link to single
 
ground station;
 
9) Direct mode data coverage via STADAN stations;
 
10) 	 Scientific experiment applications, particle physics,

radio astronomy, and ionospheric research.
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2. 	Mission Description: 50-m Suborbital Flight Model
 
1) 	Long tank Thor launch from ETR;
 
2) Space flight time: 30 minutes;
 
3) Flight objective is primarily to verify deployment
 
in zero-g;
 
4) Separates from launch vehicle;
 
5) Despun, ACS orients LOFT earth pointing, spun-up,
 
and 	deployed;
 
6) 	RF pattern check using ground signal and change of
 
angle vs trajectory tracking;
 
7) 	Recoverable instrumentation package separation for
 
reentry;
 
8) 	Engineering tests for orbital test instrumentation
 
subsystems.
 
3. 	Mission Description: 5-m Suborbital Flight Model
 
1) Aerobee 150 launch from WSMR;
 
2) Space flight time: 4 minutes;
 
3) Flight objective is primarily to verify zero-g
 
mechanical deployment;
 
4) All instrumentation in a recoverable instrumentation
 
module;
 
5) Model to be dynamically perturbed during flight
 
to determine response;
 
6) No separation from launch vehicle except tor reentry
 
to free recoverable instrumentation module;
 
7) Attitude or launch window open.
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B. FLIGHT PARAMETERS
 
1. 50-m Orbital Flight
 
Initially it was directed that the orbit of the 50 M LOFT
 
would be circular at an altitude of 6000 km with a posigrade 60'
 
inclination. Uncertainties about LOFT payload weight and exact
 
launch vehicle configuration led to a decision to study a variety
 
of launch parameters.
 
a. Inclinations - The 600 posigrade inclination is desirable
 
because of previous radio astronomy work done by RAE-A satellite
 
at the same inclination. However, this inclination requires a
 
dogleg launch because of ETR range safety limitations. The maxi­
mum inclination available at ETR without a dogleg maneuver is
 
33'. The effect of 28.5' versus 600 orbit inclination was in­
vestigated.
 
b. Altitude - The effect of various circular altitudes on
 
the measurement of LOFT performance was investigated. The alti­
tudes studied were 2000, 6000, and 18,000 km.
 
2. 50-m Suborbital Flight
 
Early ballistic flights from ETR, e.g., Echo A-12 AVT, were
 
launched with a pitch plane azimuth of approximately 100' to
 
facilitate tracking from Grand Bahama and San Salvadore. It is
 
expected that the tracking stations in this area will be phased
 
out by the time of the 50 M LOFT suborbital flight.
 
Ballistic flights from ETR with a pitch azimuth of 30' to 45'
 
have been flown. A ballistic flight with this azimuth and a
 
surface range of approximately 925 km facilitates tracking from
 
Bermuda, Wallops Island, and Rosman. This is desirable because
 
LOFT antenna-beam patterns can then be obtained using the same
 
technique as will be used on later orbital LOFT flights; i.e.,
 
LOFT in a receiver mode, measuring the strength of a signal
 
transmitted by a SATAN command transmitter. The maximum alti­
tude for the 30-minute space flight* will be approximately 2560
 
kinU.
 
*Space flight time is defined as elapsed time from MECO to
 
reentry at 30-km altitude.
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3. 5-m Suborbital Flight
 
The Aerobee 150-launched 5 M LOFT ballistic flight will be
 
flown at WSMR on an azimuth of approximately 3450. WSMR contains
 
over 1100 precisely-surveyed sites for instrumentation locations,
 
Maxi­
adequately covering the 150-km surface range of the flight. 

mum altitude for the flight will be approximately 230 km.
 
C. LAUNCH VEHICLES
 
I. 50-m Orbital Mission
 
For the purpose of the study, Delta N was selected as the
 
launch vehicle. As shown in Figure II-1, Delta N will place a
 
490-kg payload in a circular orbit at an altitude 2000 km with
 
an inclination of 28,.50.
 
The Delta M launch vehicle would orbit the same payload at a
 
much higher altitude, approximately 5000 km, but at an expense
 
of a severe restriction of the space available for the LOFT space­
craft, and additional complexity in LOFT spacecraft design. The
 
TE-364-3 third stage of the Delta M takes up approximately 1.27
 
m of the length of the payload space available under the Delta
 
payload fairing. In addition, an apogee kick motor is required
 
for orbit circularizing. The kick motor would need to be mounted
 
at the forward end of the LOFT and supported by LOFT structure
 
during launch. For these reasons and because of the higher cost
 
of the Delta M vehicle, the LOFT configuration for the study was
 
based on the use of Delta N.
 
The 50 M LOFT launch configuration used in the study is shown
 
in Figure 11-2.
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2. 50-m Suborbital Mission
 
For the study of the suborbital 50 M LOFT mission, a Thor
 
launch from ETR was chosen. As noted earlier, a surface range
 
of 925 km and an apogee in excess of 2500 km during the 30-minute
 
space flight time, makes possible rf beam pattern measurements
 
using Rosman, N.C., as the ground station. Another advantage of
 
using the Thor vehicle for this flight is that it uses the same
 
spin-table, payload adapter, and payload shroud as the Delta N
 
launch vehicle, thus making it possible to use much of the sub­
orbital spacecraft design for the later orbital missions. Con­
versely, the spacecraft configuration developed for the orbital
 
mission is applicable for the suborbital mission, with unneeded
 
systems dummied for balance or completely eliminated.
 
The Thor launch vehicle payload capability for the ballistic
 
flight is well in excess of the LOFT payload weight. Fueling
 
will be adjusted to obtain the proper flight parameters after
 
the payload weight is accurately established.
 
D. 50-m DIAMETER LOFT
 
1. LOFT Antenna
 
The LOFT antenna reflector is assembled from a large number
 
of tenuous, lightweight, flexible radial and circular members.
 
A centrifugally suspended reflector grid of flexible filaments
 
is held in a paraboloidal shape by front and back tension stays.
 
The stays emanate from either end of a deployable mast, which is
 
extended along the spin axi's to form a central compression column.
 
The 50 M LOFT antenna cannot be deployed in the atmosphere
 
because of air drag and the antenna's 50-m diameter exceeds the
 
capability of the largest available vacuum chamber. As a con­
sequence, the 50 M LOFT must be assembled and then deployed for
 
the first time in flight, making the observation of its deployment
 
in flight an essential for the flight test instrumentation system.
 
LOFT is extremely flexible. Its usefulness as antenna depends
 
on its "dynamic" shape. Consequently, its contour or figure is
 
at once extremely difficult and extremely important to measure.
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The following is a description of the 50 M LOFT antenna shown
 
deployed in Figure 11-3.
 
1) 	Net - The LOFT antenna structural net is made of 240
 
meridionals or radials spaced 1.5* apart, and 40
 
circumferentials or circular members, equally spaced
 
from the vertex to the rim,
 
a) 	240 tape meridionals - Beryllium-copper or stain­
less steel, 0.012 mm thick by 0.125 cm wide,
 
b) 	40 circumferentials - 12-300-5z Brunsmet* RTV
 
silicone coated,
 
c) 	 Net weight - 1.47 kg;
 
2) 	Reflector - The LOFT antenna reflector grid is at­
tached to and supported by the structural net. The
 
reflector is designed for 2 percent transmissivity
 
at 100 MHz,
 
a) 	Grid - 7.25 by 7.25 cm. 0.006 mm thick by 0.25
 
cm wide Kapton aluminized to 1000 X thickness
 
both sides,
 
b) 	Reflector weight - 1.37 kg;
 
3) 	Rim Mass - A distributed mass is provided at the 50-m­
diam rim of the LOFT antenna to provide an outward
 
tensioning force to form the antenna contour. The
 
rim mass is made of braided 12-300-5z Brunsmet,
 
Rim 	Mass weight - 6.6 kg;
 
*12-300-5z Brunsmet is made of 300 12-micron-diameter stalnless
 
steel fibers twisted 5 turns per inch. It is approximately 0.15
 
mm in diameter.
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4) Stays ­ 240 front- stays are connected to the front 
stay reel at the top of the antenna mast and to the 
240 meridionals at the antenna rim. 120 back stays 
are connected to the back stay reel aft of the antenna 
vertex and to the meridionals 10 m from the center of 
the antenna. The front and back stays are made of 
0.006 mm thick by 0.25 cm wide uncoated Kapton; 
5) Mast - The LOFT antenna mast (Fig. 11-4) is triangular 
in cross section, its main structural members being 
three longerons and a series of triangular battens 
spaced 14.8 cm apart. The longerons and battens are 
made of 0.25-cm-diam Aero Monostrand Fiberglas. The 
extended mast is approximately 21 m long. Its stowed 
length is 1.2 m. 
8.5 kg; 
The weight of the mast is 4 g/cm or 
6) Feed 7 The LOFT antenna feed may be as large as 9.7 m 
in diameter by 10.5 m tall. Because of its size, the 
feed system must be of extrememly lightweight constru­
tion and must be deployable. 
Feed weight - Approximately 5.5 kg; 
7) Toroid - During launch, the LOFT antenna net and re­
flector are stowed on a 1.0-m-diam corrugated toroid. 
The diameter at the base of the corrugations is 7.5 cm. 
The toroid is located at the vertex of the antenna. 
2. LOFT Spacecraft
 
The LOFT spacecraft will be designed to accomplish the orbital
 
mission. Systems not required for the ballistic mission will be
 
dummied in weight and volume.
 
The geometry of the 50-m-diameter LOFT dictates that the back
 
stay reel must be separated from the vertex of the antenna by a
 
distance of 2.5 m when the antenna is deployed. Based on the
 
assumption that this separation would not be possible during
 
launch, the main body of the LOFT spacecraft was initially divided
 
into Modules 2 and 3, resulting in the three-module arrangement
 
shown in Figure 11-5.
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Test Setup #96-91-1
 
Fig. 11-4 LOFT Mast Partially Deployed
 
in a Test Fixture
 
(Photo Courtesy of Astro Research Corp.)
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Module 3 
Back stay motor and reel;
 
Attitude control jets;
 
Attitude control system; 
Power supply including solar paddles;
 
Telemetry antennas. 
Module 1 
LOFT antenna feed; Module 2 
LOFT receiver and power supply; Deployment systems, main net, masts; 
LOFT feed deployment system; LOFT controls; 
Front stay motor and reel. Data processing; 
Communications system; 
Telemetry antennas. 
Fig. 11-5 Equipment Location for Three Module LOFT Spacecraft 
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During the study, preliminary configuration layouts were made 
to develop the flight test instrumentation concepts. The layouts 
show that it is possible to combine Modules 2 and 3, eliminating 
the need for a mechanism to separate the two modules during de­
ployment. This configuration arrangement is shown in Figures 11-2 
and VII-6. 
3. Deployment
 
The first objective of the flight of the LOFT spacecraft,
 
is to demonstrate the proper deployment of the LOFT antenna. The
 
instrumentation system must monitor the deployment in real-time,
 
hopefully providing data to correct any in-flight deployment dif­
ficulties, and thus permit successful deployment. The instrumenta­
tion system must also provide an accurate record of the status
 
and performance of all spacecraft systems whose functions are
 
important to deployment to provide data for failure analysis if
 
deployment is not successful.
 
In the paragraphs to follow, the deployment of 50 M LOFT in
 
flight is described.
 
a. Separation from the Launch Vehicle - It is planned to
 
launch the 50 M LOFT orbital flight using a Delta N launch vehi­
cle. The first burn of the Delta second stage will put the
 
launch vehicle and the LOFT payload in an elliptical transfer
 
orbit whose apogee is the desired circular orbit altitude. At
 
apogee, the second burn will circularize the orbit. After Delta
 
N second stagd engine cutoff, the Delta attitude contrql system
 
will be used to position LOFT in the desired orientation for de­
ployment. The LOFT spacecraft will be spun up to 25 rpm by the
 
Delta spin table.
 
The spacecraft and launch vehicle will be separated by
 
spring force after the spacecraft attachment Marmon clamp is
 
separated by pyrotechnics.
 
Much the same procedure will be followed on the 50-m
 
suborbital flight. If a data package recovery is attempted, the
 
separation of the package will occur when the spacecraft returns
 
to 30 km altitude, 30 minutes after MECO.
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b, Spacecraft Spin Speed - During the deployment of LOFT,
 
it will be necessary to increase the angular momentum in the sys­
tem while the reflector net is being deployed. The deployed mo­
ment inertia is 294 kg-m 2 and the rate of rotation iS 0.314 rad/
 
sec, yielding an angular momentum of 947 N-m-sec. The configura­
tion starts with a diameter of about 1 m and expands to a diameter
 
of 50 meters. The rate at which the spin-up impulse is provided
 
must be carefully synchronized with the rate of reflector net
 
payout.
 
c. Antenna Deployment Sequence - The following deployment
 
sequence will be followed (see also Fig. 11-6):
 
1) 	Deploy solar paddles;
 
2) 	Initiate sequence (spin rate 25 rpm);
 
3) 	Reduce front stay braking torque;
 
4) 	Reduce back stay braking torque;
 
5) 	Extend mast approximately 0.5 m to allow camera
 
coverage of toroid and antenna payout;
 
6) 	Spin jets increase angular momentum;
 
7) 	Centrifugal force overcomes braking torque on toroid;
 
8) 	Reflector net deploys;
 
9) 	When reflector net is 50 percent deployed, the spin
 
jets are cut off and the toroid braking torque is
 
reduced to allow the net to continue to pay out
 
until full open;
 
10) 	 Extend mast;
 
11) 	 Tune antenna shape using toroid and mast and stay
 
motors;
 
12) 	Deploy feed.
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4. 50 M LOFT Mass Properties
 
A stability problem associated with the 50 M LOFT was re­
cognized early in the study as a result of preliminary configura­
tions studies. If the pitch moment of inertia is greater than
 
-the roll or spin moment of inertia, the system is not stable with
 
respect to the spin axis. Furthermore, without corrective measures,
 
the vehicle will eventually rotate about the pitch axis.
 
Because a significant portion of the instrumentation system
 
would be required at or near the top of the mast and might effect
 
the moment of inertia ratio, the system mass properties were in­
vestigated. The purpose of this analysis was to determine the
 
effect of the proposed instrumentation system mass on LOFT stability.
 
a. Approach to Problem - The approach used for this analysis
 
was to assume masses for the various LOFT subsystems at appropriate
 
locations in the LOFT spacecraft. The assumptions were based on
 
information obtained during during the configuration meeting and
 
on data derived during the study4 The assumed basic config.ration
 
is summarized in Table II-1 and Figure 11-7.
 
Table II-1 Assumed Basic Configuration
 
Moment of Inertia 
- (kg-m2 ) 
Weight I I I
 
Piece Description Shape (kg) oxx oyy ozz
 
1 Feed Pyramid 5.5 17.75 8.91 8.91
 
2 Fwd Weight Solid Cylinder 8.2 0.78 0.39 0.39
 
3 Mast Solid Cylinder 8.6 0.10 305.95 305.95
 
4 Rim Ring 3.0 1873.93 916.86 916.86
 
5 Reflector Disc 3.0 895.29 449.11 449.11
 
6 Mid Weight Solid Cylinder 85.0 7.55 21.57 21.57
 
7 Aft Weight Solid Cylinder 28.5 2.55 4.51 4.51
 
8 Panel 1 Flat Plate 5.7 0.59 0.39 0.98
 
9 Panel 2 Flat Plate 5.7 0.59 0.39 0.98
 
10 Panel 3 Flat Plate 5.7 0.59 0.98 0.39
 
11 Panel 4 Flat Plate 5.7 0.59 0.98 0.39
 
Four different configurations were considered during the
 
analysis. The configurations were obtained by distributing a
 
simulated 22.7 kg instrumentation system at various locations on
 
the spin axis. The configurations were selected to illustrate
 
extremes in the locations of instrumentation hardware. The
 
distribution of weight for these configurations is summarized
 
in Table 11-2 and shown in Figure 11-8.
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5.5 kg at 1.7 m 
Roll-0 Fwd weight 8.2 kg at 5.8 m 
ZIPitch 
Rim
 
3.0 kg at 21.5 m 8.6 kg at 17.3 m 
Ne t
 
3.0 kg at 21.5 : 
85.0 kg at 28.9 m 
22.8 kg (total) at 31.0 m
 
28.5gkg at 30.6 mnf1.9 M
 
Figure 11-7 Assumed Basic Configuration for Mass Properties Analysis
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Fig. 11-8 Nass Distribution for Various Instrumentation Configurations 
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Table 11-2 	Assumed Instrumentation Distribution
 
Distance from
 
Configuration Locations Shape Weight (kg) (m)
 
A Point Mass 0.0 5.8
 
B Point Mass 0.0 21.5
 
C Point Mass 17.0 28.9
 
D Point Mass 5.7 30.6
 
1 

2 	 A Point Mass 0.0 5.8
 
B Point Mass 22.7 21.5
 
C Point Mass 0.0 28.9
 
D Point Mass 0.0 30.6
 
3 	 A Point Mass 22.7 5.8
 
B Point Mass 0.0 21.5
 
C Point Mass 0.0 28.9
 
D Point Mass 0.0 30.6
 
4 	 A Point Mass 4.5 5.8
 
B Point Mass 4.5 21.5
 
C Point Mass 10.3 28.9
 
D Point Mass 3.4 30.6
 
b. Results of Analysis - The data shown in Tables II-i and
 
11-2 were used to calculate mass property data; total moment of
 
inertia for each axis; center-of-gravity, X, along the spin axis;
 
and the ratio of spin to pitch moment of inertia. The results
 
of these calculations are summarized in Table 11-3.
 
Table 11-3 Results of Mass Property Analysis
 
I
 
I I I xx
 
xx yy zz
 
Configuration X(m) (kg-m2) (kg-m2 ) (kg-m2 ) Iyy
 
1 26.9 2909.3 11,i96.4 11,196.4 0.259
 
2 25.4 2909.3 11,544.8 11,544.8 0.252
 
3 24.0 2909.3 19,725.9 19,725.9 0.147
 
4 26.1 2909.3 13,205.0 13,205.0 0.220
 
Basic 26.6 2909.3 11,146.7 11,146.7 0.261
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The moment of inertia ratio for the basic LOFT configura­
tion without instrumentation is 0.261. Configuration 1, which
 
assumes installation of the instrumentation system near the
 
antenna vertex, results in a moment of inertia ratio of 0.259.
 
Configuration 3, which assumes the installation of the instrumenta­
tion system at the feed end of the mast, results in a moment of
 
inertia ratio of 0.147. It is evident that the location of the
 
instrumentation system components can worsen an already critical
 
stability problem.
 
5. Antenna Dynamic Motions
 
As suggested earlier, the measurement of the LOFT antenna
 
contour or figure is perhaps the single most important task of
 
the 50-m model LOFT flights. It is important in scaling up to
 
LOFT antennas of other than 50-m diameter, that their dynamic be­
havior be analytically predictable. The dynamic contour measure­
ments of the frequencies, amplitudes, and modes of motion of the
 
flight model will be compared with the analytical predictions
 
for the 50-m antenna. The correlation between test and analysis
 
will provide a possible means of revising the analytical methods,
 
if reqiired, and will indicate the likelihood of successful
 
analytical prediction for antennas such as the proposed 1500 M
 
LOFT. In addition, the surface quality of the net, in terms of
 
roughness, is a factor that affects the electrical performance
 
of the antenna, and the average deployed shape of the antenna
 
is also important to its proper performance. The contour measur­
ing system will be used to evaluate both the average shape, and
 
the roughness the reflector surface.
 
Several techniques were considered for measuring the neces­
sary contours. To provide ground rules for investigating and
 
comparing contour measuring systems, a number of preliminary as­
sumptions had to be made regarding vibration amplitudes, mode
 
shapes, and frequencies. Since the design and analysis of the
 
50 M LOFT had not yet been performed, it was necessary to base
 
the required estimates on the analysis and design previously
 
reported by Astro Research Corporation for the 1500 M LOFT
 
antenna.
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It was assumed that the 50 M LOFT will be designed so that
 
the ratios of its vibration rates, in various modes, to its spin
 
rate would be the same as those calculated for the 1500 M LOFT.
 
Corresponding frequencies for the 50 M LOFT were thus estimated
 
for an assumed spin rate of 3 rpm. The results were tabulated
 
and are shown in Table 11-4. These data provide an approximate
 
guide to the range of frequencies which are expected to be of
 
interest during the flight test. In Table 11-4 and the figures
 
to follow, the ratio f/ is the ratio of the vibration frequency
 
f in cycles per minute to the rotational speed in revolutions
 
per minute.
 
As an aid to the evaluation of contour measuring systems, it
 
was necessary to have at least a rough estimate of amplitudes of
 
motion of the 507m reflector net and central mast. In the absence
 
of calculated amplitudes, certain assumptions were made, deflec­
tion amplitudes were estimated, and are tabulated in column one
 
of Table 11-5. The 12-cm normal net displacement (toward focus)
 
in Table 11-5 is approximately scaled down linearly from a 4-m
 
thermally-induced displacement that was calculated for the 1500 M
 
LOFT antenna and presented in Astro Research Corporation report
 
ARC-R-262. Half and twice nominal amplitudes are shown in columns
 
two and three respectively for instrumentation analysis tradeoff
 
purposes.
 
Analysis made by Astro Research Corporation indicates-that
 
solar heating is the most significant dynamic input to the antenna
 
and that the dominant response is the first reflector mode with
 
three wavelengths circling the reflector. The maximum displace­
ment shown in Figure 11-9 is the doubled value "toward the focus"
 
from Table 11-5. The corresponding radial and circumferential
 
motions, in a plane tangential to the reflector surface, are one­
fourth the perpendicular value. The frequency of this vibration
 
mode is the value from Table 11-4 for a spin rate of 3 rpm, namely
 
9.21 cpm.
 
Another typical vibration mode shape is depicted in Figure
 
II-10. In this case, which is called a second reflector mode,
 
there are six circumferential wavelengths. Another typical vibra­
tion mode shape, shown in Figure II-11, corresponds to the highest
 
frequency backward traveling waves shown in Table 11-4. This
 
case has eight wavelengths circumferentially around the reflector
 
and is'referred to as a fourth reflector mode.
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Table 11-4 Estimated Vibrational Frequencies for the 50 M LOFT Antenna*
 
Vibrational Frequencies in Cycles per Minute (cpm)
 
Backward Traveling Waves Forward Traveling Waves
 
n=l n=2 n=3 n=4 n=6 n=8 n=l n=2 n=3 n-4 n-6 n=8
 
m=l 5.91 7.05 9.21 11.52 16.05 20.04 m=l 4.29 6.60 8.91 11.31 15.90 19.95
 
m=2 9.60 10.71 12.06 13.74 17.46 21.30 m=2 8.49 10.08 11.70 13.56 17.50 21.27
 
m=3 9.96 11.22 12.54 14.31 18.51 23.24 m=3 9.69 10.89 12.27 14.01 18.24 23.10
 
m=4 14.10 14.40 15.48 17.01' 20.70 24.66 m=4 12.21 13.68 14.97 16.59 20.43 24.81
 
n = 0 Modes of Vibration:
 
H 
JH 	 First Torsional Mode f = 3.99 cpm
 
Second Torsional Mode f = 7.35 cpm
 
Third Torsional Mode f = 9.24 cpm
 
First Axial Mode f = 20.94 cpm
 
First Column Bending Mode f = 11.49 cpm
 
*The frequencies are based on the analysis that was performed for the 1500-m antenna. It is
 
assumed that the spin speed of the 50-m antenna is 3 rpm. It is assumed that the vibration
 
rate ratio (f/a) will be the same for the 50 m as those which were calculated for the 1500-m
 
antenna. The frequencies noted are measured with respect to body-fixed coordinates.
 
Table 11-5 Assumed Displacement Amplitudes of 50 M LOFT Antenna Reflector Surface
 
and Mast 
Nominal Deflection Half Nominal Twice Nominal
 
Amplitude Amplitude Amplitude
 
Estimated Reflector Vibratory Motions from Reference Position (cm) 
Toward Focus, AN +12. +6. +25. 
Radial Perpendicular toFocus, AR + 3. +1.5 + 6. 
Tangential Perpendicular to Focus, AT + 3. +1.5 + 6. 
Estimated Reflector Displacement during Spin-Up or Spin-Down (cm)
 
Tangential Perpendicular to Focusl +12. ±6. +25. (at 6 cpm)
 
H Reflector Surface Displacement due to Steering Impulse (in Addition to Above)* 
4 Toward Focus - * 6. +3. ±12. 
Reflector Surface Displacement during Continuous Steering (Trailing the Steering Direction) 
Toward Focus I + 1. 1 ±0.5 +2. 
Mast Bending Deformation (deg)
 
Permanent (Initial) Bend +0.5 +0.25 + 1.
 
Dynamic (Ist Column Mode) +0.25 +0.125 +0.5 (at 11.5 cpm)
 
*Dampingtime to half amplitude is estimated to be 50 minutes.
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Mast 
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In-Plane Maximum Motions AR (Radial) and
 
6aT (Circumferential) are 6 cm
 
 
1. f/2 = 3.07 from 1500-m analysis. 
2. Spin rate Q is assumed to be 3 rpm.
 
3. Estimafed frequency f = 9.21 cpm. 
4. Phase velocity = 2fn/n = 19.29
 
rad/min (backward traveling).
 
Figure 11-9 	Assumed Deflected Shape of 50 M LOFT Antenna in the
 
n - 3, m = 1 Vibration Mode
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Figure II-10 Assumed Deflected Shape of 50 M LOFT Antenna in the 
n = 6, m = 2 Vibration Mode 
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Note: 1. f/ = 8.22 from the 1500-m analysis. 
2. Spin rate 	n is assumed to be 3 rpm.
 
3. Estimated 	frequency is f 24.66"cpm.
 
4. Phase velocity = 27f In = 19.37 
rad/min (backward traveling).
 
Figure lI-l 	 Assumed Deflected Shape of 50 M LOFT.Aihenna in the
 
n = 8, m = 4 Vibration Mode
 
A different class of reflector motion that might occur during
 
a spin-up or spin-down from the operating spin rate is shown in
 
Figure 11-12. The maximum displacement shown is assumed to be 25
 
cm tangential (circumferential) at the outer edge of the reflector
 
net. It was assumed that this motion occurs at a frequency of 6
 
epm.
 
A somewhat similar vibration mode also consisting of tangen­
tial motion of the net is shown in Figure 11-13. This represents
 
the first torsional mode as described in the reports pertaining
 
to the 1500 M LOFT. The frequency of this mode is approximately
 
4 cpm corresponding to the assumed spin rate of 3 rpm.
 
Some assumptions were also made regarding displacement ampli­
tudes of the central mast. An initial deflection of 10 at each
 
end of the mast was arrived at by comparison with a previously
 
assumed midpoint displacement used in the 1500-m antenna analysis.
 
The midspan displacement for the 50 M LOFT was calculated using
 
the data from the 1500 M LOFT and ratios of mast lengths, and
 
radii of gyration. Based on the assumption of a sine wave shape
 
of the deflected mast, the end angles were calculated to be ap­
proximately 10 for the 50-m mast. In addition to the calculated
 
10, it was assumed that there was a 1/20 dynamic displacement
 
divided equally between the two ends. The results are shown in
 
Figure 11-14, where the corresponding midspan displacement is
 
shown as approximately 15 cm. It was assumed that these displace­
ments correspond to the frequency of the first column mode as
 
derived from the 1500-m reports.
 
Figures 11-9 through 11-14 are based on similar figures shown
 
in Astro Research Corporation report, ARC-R-262.
 
The actual reflector motions are not likely to consist of a
 
pure mode shape, such as those which-have been shown, but rather
 
a combination of various mode shapes, with various amplitudes
 
and phase relationships, all contributing to a complex dynamic
 
shape.
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Note: The displacement shown is assumed to correspond toa dynamic rate of 6 cpm. 
Figure 11-12 	Assumed Trailing Displacement of 50 M LOFT Antenna during Spin-Up
 
or Spin-Down
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Figure 11-13 Assumed Deflected Shape of 50 M LOFT Antenna in the First Torsional Mode 
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Note: 1. Estimated frequency is f = 11.5 cpm. 
2. 	Spin rate n is assumed to be 3 rpm.
 
3. 	Assumed mast deflection 10 at each end
 
(initial deformation) and 1/40 at each
 
end (dynamic).
 
4. 	Sine wave shape assumed.
 
Figure 11-14 	Assumed Deflected Shape of Mast of 50 M LOFT Antenna in the
 
First Column Mode of Vibration
 
In the course of the study, the magnitude of dynamic motion
 
toward the focus was found to have little effect on the contour
 
measurement system. 'However, the magnitude of tangential motion
 
affects the required dispursion of the laser contour measuring
 
beam. The most significant effect of the dynamic amplitudes as­
sumed is the effect of mast deflections on the design of the
 
sensing system to measure mast deflections. As explained in
 
Chapter IV, the mast deflection measurement system consists of
 
a laser mounted at one end of the most illuminating a diode array
 
at the other end of the mast. The size of the diode array is
 
determined by the expected mast deflections.
 
E. 	5-m DIAMETER LOFT ANTENNA
 
The construction and deployment of the 5 M LOFT antenna is
 
similar to the 50-m antenna described above. The major differences
 
are:
 
1) The 5 M LOFT will have no rf capability. Therefore, 
the reflector mesh and the feed system is omitted; 
2) The 5 M LOFT does not separate from its launch ve­
hicle. All "spacecraft" functions are provided by 
the Aerobee 150; 
3) Since the spent Aerobee 150 second stage is part of 
the 5 M LOFT configuration, the mass properties of 
the 5 M and 50 M LOFT systems are not related; 
4) The 120-rpm spin rate of the 5 M LOFT results in 
proportionately higher dynamic frequencies. 
The 	following is a description of the 5 meter LOFT antenna:
 
1) 	Net - 120 radials and 20 circumferentials-12-300-SZ 
Brunsmet coated with RTV silicone. Maximum grid 
size 12.5x12.5 cm; 
2) 	Rim Mass - 24 strands 12-300-5Z Brunsmet. Braided
 
8 x 3. Weight, 110 gi ams;
 
3) 	Front and Back Stays - 120 front stays and 60 back 
stays; 0.006 mm thick by 0.25 cm wide Kapton; 
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4) 	Mast ­
a) 15 cm circumscribed diameter, 9 cm batten spacing,
 
b) Longerons 0.23 cm diameter fiberglass,
 
c) Battens 0.18 cm diameter fiberglass,
 
d) Weight 2.37 gr/cm;
 
5) 	Instrumentation - No instrumentation on net other than
 
targets.
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III. LOFT INSTRUMENTATION REQUIREMENTS
 
A. INTRODUCTION
 
The major objective of the LOFT development program is to
 
establish the feasibility of large, spin-deployed radio tele­
scopes. Test data derived from subscale systems such as the 5­
and 50-m-diameter models will provide the basis for this evalua­
tion. Therefore, it is essential that adequate instrumentation
 
be provided on these smaller models to substantiate the analyti­
cal designs and to permit accurate extrapolation to the full­
scale versions.
 
The instrumentation capability for the 50-m orbital system
 
must provide adequate information during launch, deployment, and
 
postdeployment. The standard Delta N instrumentation system will
 
provide the required flight test data during launch through LOFT
 
separation. The LOFT instrumentation system will provide in­
formation during the two remaining mission phases.
 
The instrumentation required for the first two phase could
 
be termed malfunction detection and isolation. The primary in­
terest is to verify launch and deployment. The postdeployment
 
instrumentation, however, is concerned with the measurement of
 
design parameters such as contour, beam pattern, temperature,
 
acceleration, and structural forces. These data will provide the
 
basis for verifying the analytical models, and thus establish the
 
feasibility for larger models.
 
The instrumentation required to support these mission phases
 
may be described by considering the requirements for the follow­
ing:
 
1) Launch vehicle;
 
2) Deployment;
 
3) Visual coverage;
 
4) Contour measurement;
 
5) Radiation pattern measurement;
 
6) Structures/temperature;
 
7) Systems support.
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B. LAUNCH VEHICLE REQUIREMENTS
 
Flight test data during the launch phase will be provided by
 
the standard Delta N instrumentation system. This system com­
prises two FM/PDM systems. One located in Stage I and the other
 
in Stage II. Each system has a capability for 10 continuous and
 
45 time-multiplexed signals.
 
This system has been designed to provide data for a suffi­
cient number of parameters to adequately verify vehicle perform­
ance and payload separation. Therefore, the Delta N instrumenta­
tion system will provide adequate coverage of the launch phase
 
during the LOFT flight test.
 
C. DEPLOYMENT INSTRUMENTATION REQUIREMENTS
 
The deployment phase includes all events from initial separa­
tion to the time when the final antenna shape is achieved and
 
the feed has been deployed. The significant events during this
 
period are:
 
1) Deploy solar array;
 
2) Release rim mass and stays;
 
3) Initiate spin-up;
 
4) Reflector net deployment;
 
5) Mast extension;
 
6) Tune stays and net;
 
7) Deploy feed.
 
The telemetry instrumentation required to adequately verify
 
the occurrence of each of the above events is discussed in the
 
following paragraphs. In addition to event monitoring, deploy­
ment instrumentation will include the visual coverage described
 
in the following section.
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1. Deploy Solar Array
 
The deployment of the solar array may include deployment of
 
an aft section; therefore, the discrete signals for this event
 
will be included with those required for the array. The instru­
mentation required for these events will be bilevel signals in­
dicating the initiation of deployment and completion of deploy­
ment. The completion signals should be generated by physical
 
actuation of a switch or locking mechanism.
 
2. Release of Rim Mass and Stays
 
The rim mass and stays will be retained in place until.solar
 
array deployment is complete. Initiation of the release of the
 
rim mass will be monitored as a discrete signal. Instrumentation
 
for the indication of stay release will be bilevel type. Instru­
mentation of movement of the front and back stay reels will be
 
analog signals.
 
3. Initiate Spin-Up
 
During the deployment period, it will be necessary to add
 
momentum through the use of a spin system. The instrumentation
 
for this system should include signals to indicate enabling, ac­
tuation, pressure, and spin rate. The enable and activation
 
signals will indicate the presence of voltage while the instru­
mentation for pressure and spin rate will be analog signals in­
dicating the actual values of the parameters.
 
4. Reflector Net Deployment
 
The instrumentation requi'red to monitor net deployment should
 
include measurement of the toroid motion, as well as motor volt­
age or current. The voltage or current measurement will indicate
 
activation of the motor and the motion instrumentation will in­
dicate actual operation. In addition, the motion data are re­
quired to provide information as to the position and rate of de­
ployment.
 
5. Mast Extension
 
The instrumentation for mast deployment is similar to that
 
required for the antenna. Measurement of mast motor voltage or
 
current, as well as measurement of actual movement, will be nec­
essary for adequate evaluations.
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6. Tune Stays and Net
 
The tuning adjustments to be made after full deployment will
 
require the measurements previously outlined to verify operation
 
of the stay and mast motors. In addition, if locking signals are
 
required after final tuning, these should be monitored as bilevel
 
signals.
 
7. Deploy Feed
 
After the LOFT has been deployed and tuned to its final shape,
 
the feed antenna will be deployed. The instrumentation required
 
to support this event should include both the initiation signal
 
and a signal indicating that deployment has been completed.
 
D. VISUAL COVERAGE
 
It will be required to visually observe various areas of the
 
LOFT antenna during and after deployment. It is essential, for
 
example, that the initial conditions of a malfunction be observed
 
so that corrective action may be taken via the command system.
 
If the depioyed antenna should become torn or distorted, the
 
visual coverage system will provide a qualitative evaluation of
 
the defect. In addition, this capability will provide supple­
mentary information regarding the dynamic behavior of the an­
tenna.
 
The selected approach should include coverage of the follow­
iag areas during available observation periods:
 
1) Rim mass during and after deployment;
 
2) Mast during and after deployment;
 
3) Front and back stays during and after deployment;
 
4) Reflector surface after deployment;
 
5) Toroid area during deployment;
 
6) Feed system during and after deployment:
 
For the orbital mission, visual coverage will be provided
 
using a real-time television system. For the suborbital mTissions,
 
the television coverage will be supplemented by film cameras in­
cluded in the recoverable instrumentation pacKage.
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E. CONTOUR MEASUREMENT
 
The measurement of the contour of the paraboloidal surface of
 
the LOFT antenna models is the most significant measurement to be
 
made in the flight test program. From the contour measurements
 
come verification of the present dynamic analysis of the struc­
ture, and as a result, the engineering structural data required
 
for extrapolation to increasingly larger models. the performance
 
of a radio telescope is a function of the rms surface error of the
 
parabolic surface. While being the most significant measurement,
 
the contour measurement is also the most difficult and for this
 
reason much of the study was devoted to it.
 
The requirement imposed on the LOFT instrumentation system is
 
to generate information that can be used to determine the follow­
ing antenna characteristics:
 
1) Deployed shape (or manufactured shape); 
2) EMS surface error; 
3) Dynamic characteristics. 
1. Deployed Shape
 
Sizing or dimensioning of antenna structural members for manu­
facture is based on length required to obtain a design nominal
 
shape at some nominal spin speed. Because of manufacturing and
 
deployment errors, the deployqd shape can differ from the nominal.
 
By adjustments the shape might be changed to obtain better approxi­
mation to the nominal. In orbital flight, the deployed- shape can
 
be considered the mean shape possessed by the antenna in a condi­
tion of steady motion. It is assumed that such a condition can
 
be established with environmental effects minimized (e.g., in
 
shadow so that the mean position would not include thermal dis­
tortion).
 
2. RMS Surface Error
 
Antenna tolerance theory makes performance dependent on an
 
effective reflector tolerance (or rms surface error) relative to
 
a paraboloid with zero error and on correlation distance (Ref
 
III-l).
 
A precise computation for gain and pattern requires exact
 
knowledge of the error distribution; that is, a description of
 
the error (relative to a paraboloid of zero error) as a function
 
of coordinates.
 
However, an indication of gain and pattern characteristics
 
may be derived from the calculated rms surface error even though
 
a precise description of the error distribution is not available.
 
3. Dynamics Analysis Verification
 
The main objective of dynamic analysis is to predict the de­
flections of the reflector under dynamic disturbances present in
 
the space environment. These deflections are important design
 
considerations because of the effects they produce on the radia­
tion performance.
 
Possible excitations are associated with:
 
1) Solar thermal input; 
2) Gravity gradient; 
3) Steering (e.g., controlled precession of the angular 
momentum vector); 
4) Stabilization (natural if due to spin and artificial 
if the spin configuration is unstable); 
5) Solar pressure. 
The deflections due to dynamics are taken to be deviations
 
from mean values (those used in determining the best-fit para­
boloid).
 
To evaluate the above characteristics, the contour measure­
ment system will generate range information for a number of tar­
gets located on the antenna surface. This information then be­
comes the raw input data for ground computer operations. 'The
 
individual characteristics of the antenna structur& will then be
 
determined by performing appropriate mathematical operations on
 
the data derived by the contour measurement system.
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4. Number of Targets and Sampling Rate
 
A significant portion of the contour study was devoted to the
 
selection of the number of targets and to the required sampling
 
rate. Normally, a data signal can be band-limited through the
 
use of filters to minimize the problem of aliasing. This, how­
ever, is not the case for the contour data. The sampling rate
 
for the contour data must be based solely on the expected fre­
quency/amplitude characteristics of the antenna structure.
 
F. RADIATION PATTERN MEASUREMENTS
 
Because the primary objective of the 50-m orbital mission is
 
to obtain data that will prove the feasibility of larger models,
 
it is highly desirable to evaluate the rf characteristic of the
 
system when used as an antenna. Therefore, a requirement of the
 
study was to develop techniques and specify the components neces­
sary to determine radiation patterns.
 
The selection of a technique to determine radiation patterns
 
must include consideration of the unusual structural and dynamic
 
characteristics of the LOFT antenna. In addition, the expected
 
orientation and orbital parameters must be investigated before a
 
final solution can be formulated.
 
G. STRUCTURES MEASUREMENTS
 
To gain additional insight as to the accuracy of predicted
 
loads and temperatures, it is required that a number of force,
 
acceleration, and temperature measurements be made on the LOFT
 
structure. These measurements together with the contour data
 
provide the basis for verification of the analytical model.
 
The structures and temperature measurements that were iden­
tified during meetings held at Goddard Space Flight Center were
 
antenna structure temperature and mast compression force. The
 
requirements for these measurements, as well as for other iden­
tified during the study, are summarized as follows:
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1) Force measurements (during and after deployment) -
a) Mast compression, 
b) Front stays, 
c) Back stays; 
2) Temperature measurements -
a) Antenna surface, 
b) Stays, 
c) Mast; 
3) Acceleration measurements (during and after deploy­
ment) -
Top of mast. 
HF SYSTEMS SUPPORT MEASUREMENTS
 
The measurements related to the deployment of the antenna and
 
to the subsequent measurement of contour and radiation pattern
 
constitute the major instrumentation requirement. However, addi­
tional measurements must be included to complete the program.
 
These include antenna pointing, command verification, and house­
keeping measurements from the various subsystems.
 
The antenna pointing measurements required include those gen­
erated by the following components or subsystems:
 
1) SCADS;
 
2) Attitude control system;
 
3) Solar aspect sensors;
 
4) Magnetometer.
 
The LOFT system will include the capability for real-time
 
commands. This feature will be used during deployment for either
 
malfunction correction or for real-time control. The command
 
capability will also be required for recorder operation and for
 
control of the visual coverage system. The instrumentation sys­
tem must therefore include provisions for verifying these uplink
 
commands.
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The group of measurements classified as housekeeping have
 
not been completely identified. In general, they are measure­
ments that verify proper operation and are used for malfunction
 
detection and isolation. The instrumentation system must include
 
sufficient capability to support a number-of such measurements.
 
One obvious method of providing this capability is to use the
 
channels allocated to deployment measurements, after deployment
 
is completed.
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IV. CONTOUR MEASUREMENTS
 
A. GENERAL CONSIDERATIONS
 
1. Introduction
 
Part of the LOFT instrumentation study has been concerned with
 
the number of measurement points needed to make valid statements
 
about reflector shape, to verify a dynamic mathematical model, and
 
to indicate what might be done with the measured data. Fairly
 
early in the study, the number and confIguration of measurement
 
points was selected, and a sampling rate chosen. This discussion
 
will review the specific objectives of the contour measurement
 
task, the dynamic environment expected, and the basis of selection
 
of the measurement criteria.
 
2. Definition of Specific Objectives
 
The initial objectives in making contour measurements were
 
taken to be:
 
1) Define deployed shape;
 
2) Determine the rms surface error;
 
3) Verify dynamic analysis.
 
a. Deployed Shape - Sizing or dimensioning of antenna struc­
tural members for manufacture is based on the length required to
 
obtain a design nominal shape at some nominal spin speed. Because
 
of manufacturing and deployment errors, the deployed shape can
 
differ from the design shape. In orbital flight, the deployed
 
shape can be considered the mean shape possessed by the antenna
 
in a condition of steady motion. It is assumed that such a condi­
tion can be established with environmental effects minimized (e.g.,
 
in shadow so that the mean position would not include thermal dis­
tortion).
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To measure the deployed shape, it is necessary to determine
 
the position of a series of points on the reflector as vectors in
 
some system of body fixed coordinates. The mean position of a par­
ticular point is defined as
 
T 
Pi ( t ) d t Pi average = f 
0
 
where the integration time is sufficiently long to establish a
 
good mean (time average). The deviation of the point from the
 
design location can be taken as
 
- 1P i average 
- Pi design,'
 
where Ti design is in the same coordinates as Ti average The set
 
of vectors A-i (i = 1, 2, ... , N), where N is the number of measure­
men locations, determine the deployed shape.
 
The body fixed frame of reference is the coordinate frame
 
of the measurement means. The measurement means is taken to be
 
fixed (or attached) to the antenna at some point near the apex.
 
In an undeformed state, one axis of this frame is coincident with
 
the spin axis. Such a system is illustrated in Figure IV-l. The
 
figure shows possible position vectors in the design and deformed
 
states. A displacement might exist normal to the paper, but it is
 
not necessary to the illustration. In Figure IV-I
 
Pdes = position vector of a point on the design surface,
 
IT Wactual = time varying measured position of a point,
 
Pv = the above described time average mean position, 
ASdyn(t) = dynamic variation from mean,
 
NP-man = manufacturing add deployment error.
 
The Ai will include effects of all distortions between
 
the origin of the reference frame and the measurement point. An
 
object of post deployment adjustment would be to minimize the Api
 .
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Figure IV-i Relationship of Time Average Surfaceto Design Surface
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b. RMS Surface Error - Antenna tolerance theory (Ref IV-i)

makes performance dependent on an effective reflector tolerance,
 
e, relative to a paraboloid of zero error (e =.0) and on correla­
tion distance. The statistical theory assumes a uniform distri­
bution of surface errors comprised of Guassian hats and a correla­
tion distance c small so that the ratio (D/2c)2 >> 1, where D is
 
the diameter of the antenna.
 
If the exact variation of an antenna surface from a per­
fect parabola were known, the radiation pattern could be deter­
mined by a digital computation. When such information is unknown,
 
some type of statistical estimate of surface error must be made
 
to obtain a measure of the probable radiation pattern. An rms
 
surface error cah be a measure of the effective reflector toler­
ance and is measured with respect to a perfect parabolic surface
 
that would have a zero phase front error, i.e., zero error parab­
ola.
 
An rms surface error (defined below) can be computed from
 
an error distribution of the surface and, even though the distri­
bution does not meet the assumptions of the statistical theory,
 
the rms error may be some measure of the performance.
 
Determination of the rms surface error necessitates find­
ing the paraboloid of zero error. At a given instant in time,
 
say t1 , the best fit perfect parabola can be determined from the
 
measured surface at time tI by some suitable statistical means
 
such as a least squares fit. At a latter time the surface will
t2 

have moved and another zero error parabola can be determined.
 
This situation is shown in Figure IV-2. For each surface measure­
ment, the zero error parabola will, in general, be different but
 
have the same focus.
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With the above description, the rms surface error at an
 
instant in time may be defined as
 
(rms Surface Error)2 = (AZ)2 
~2 r dr def fjI [N 
where
 
k = unit vector along the axis of the zero error parab­
oloid,
 
r = radius normal to axis,
 
0 = circumferential angle,
 
A - area= f r dr d,
 
r 0
 
The vector Ap1 in the integrand is computed from the vector to
 
the actual surface at an instant ini time. Ap1 (t1 ) is shown in
 
the diagram, Figure IV-3j and is defined as:
 
( t i )_--Pl (ti) = TP (ti) -P-6f=O 
This definition of rms surface uses the deformation of the sur­
face in the axial direction, i.e., the component of the vector 
Zi in the direction of the ajcial unit vector Tlc, Reference IV-l 
gives the relation between th6 axial rms surface error and the
 
effective tolerance s. For deep reflectors, this tolerance is
 
further modified by a factor that depends on the f/D ratio of the
 
reflector. For shallow reflectors, this correction factor ap­
proaches unity.
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Figure IV-3 	Vector Diagram Showing Actual and Zero Error
 
Paraboloidal Surfaces
 
IV-7
 
The indicated integration of the measured displacements,
 
Ap2 	of the deformed surface from the surface of zero error would
 
be performed for a particular time. The rms error (roughness)
 
would be thus calculated from the measured data for various Limes
 
(t 1 , t 2 t3. . . . .., etc.) and plotted as shown in Figure iV-4. The 
maximum rms roughness could then be determined from the plot. 
a 	 Maximum 
rms 	Error I o 0 0 Minimum 
I I I I I I I I I
 
tI 	 t
t2 t3 t4 t5 	 n 
Time
 
Figure IV-4 rms Error vs Time
 
c. Dynamic Analysis Verification - A mathematical model has
 
been used in previous analyses by Astro Research Corporation
 
to determine natural vibratory modes of the antenna and to deter­
mine the antenna response to various disturbances.
 
The main objective of dynamic analysis is to predict the
 
deflections of the reflector under dynamic disturbances present
 
in the Lpace environment. These deflections are important design
 
considerations because of the effects they produce on the radia­
tion performance.
 
Possible excitations are associated with
 
1) 	Solar thermal input;
 
2) 	Gravity gradient;
 
3) 	Steering (e.g., controlled precession of.the
 
angular momentum vector);
 
4) 	Stabilization (natural if due to spin, and arti­
ficial if the spin configuration is unstable).
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In the dynamic verification analysis program, the object
 
is to obtain measurements from which a surface shape can be con­
structed and then a decomposition performed, or, for some decompo­
sision of measurements made at certain points, a surface shape can
 
be constructed. The decompositions are to be compared with simi­
lar decompositions for the mathematical model prediction to assess
 
the validity of the model.
 
3. Dynamics Description
 
A mathematical model for prediction of natural vibration modes
 
and response to environmental disturbances has been described in
 
several Astro Research Corporation reports. The predictions of
 
that model of the 1500 meter diameter LOFT were scaled to the 50
 
meter LOFT model.
 
The Astro Research analysis indicates that the antenna pos­
sesses natural vibratory modes. The modes of interest are reflec­
tor modes characterized as forward and backward traveling waves
 
and described in terms of wave number (wave lengths per circum­
ference), mode number (nodal points on a meridian), and frequency.
 
The traveling wave characteristic in body fixed coordinates is a
 
consequence of spin. The frequencies for a 50-m LOFT for mode
 
number 1 to 4 and wave numbers 1 to 8 are shown in Table'II-4.
 
The Astro Research analyses determine response by resolving the
 
disturbance into vibratory modes. Thus, a space fixed disturbance
 
is resolvable into backward traveling waves. Their analyses indi­
cate that solar heating is a most significant input and that the
 
dominant response is in the first mode with a wave number qf three.
 
4. Measurement Criteria
 
To provide a measurement criteria for comparing various con­
tour measurement systems, it was necessary to select a system of
 
points to measure and a sampling rate suitable to obtain the re­
quired data for dynamic analysis of the antenna shape. A system
 
requiring the measurement of 36 points on the antenna five times
 
per second was established and used as the comparison criteria.
 
The basis for the choice of the number of measurement points,
 
their location, and sampling rate is outlined in this subsection.
 
The analysis of the 1500 meter antenna indicated that the
 
highest frequency radial mode shape resulting from solar heating
 
would contain up to one and one-half cycles as shown in the fol­
lowing sketch.
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Measurement Points
 
5 4 3 2 1 0 
Nodes
 
Then, on the basis that two points per wave would be the minimum 
required number of measuremenL points to construct an approximate 
shape, the number of points was doubled to get a better approxi­
mation and this gave six points per radial. 
the minimum
The six radials xiere chosen on'the same basis as 

required to define a wave with three wavelengths per circumference.
 
The resulting configuration of target points is shown in Figure
 
IV-5. The fact that the wave shape was expected to travel in
 
body-fixed coordinates would improve the definition.
 
Actually, for the expected dominant sblar response, the six
 
radial points would provide very good definition of the radial
 
shape.
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Figure IV-5 Arrangement of Target Points for Measurement of Reflector Contour
 
5. 	Data Sampling Rate
 
Under the conditions assumed, a time signal may be analyzed in
 
the time or frequency domain and the results from either domain
 
will be equivalent. For a digitally sampled time series, the fre­
quency domain is especially useful since the process of sampling
 
is an operation that is associated with a frequency. Tile sampled
 
time data from the LOFT antenna will be composed of actual displace­
ment data, together with noise. Each will have associated with it
 
a frequency spectrum that is the important parameter concerning
 
the sample rate.
 
The sampling theorem states that a time series X(t) may be
 
"uniquely" reconstructed for a sampling rate of only twice the
 
highest frequency component present in the signal when certain
 
conditions are met. These conditions,are:
 
1) 	X(t) is an infinite record;
 
2) 	The process is random and stationary;
 
3) 	The energy for frequencies f > B is zero where 2B 
sampling rate. 
The proof of the sampling theorem requires these conditions to
 
be met exactly and when any or all three are approximated an in­
crease in the sample rate is required. The problem is to deter­
mine the exact effect on the sample rate due to deviations-from
 
the 	three hypotheses above.
 
In the case of the LOFT antenna, condition one of the hypotheses
 
offers no problem since we have sufficient time to collect data.
 
Condition two will be met if a steady state condition has been
 
reached. Condition three offers a problem since, at this stage of
 
the study, no information is available on the frequency spectrum
 
of the data, neither displacement nor noise, and it appears that
 
the only way to determine the spectrum of the noise is to perform
 
an experiment, either real or analytical. The dynamic analysis
 
will hopefully predict at least the range of the highest frequency
 
of any consequence. The types of noise present need to be studied
 
to determine their frequency range and general effect on the re­
construction of the displacement data.
 
The types of noise we are discussing are instrument inaccura­
cies and round-off errors in the data collection system. Depend­
ing on the system, these could have a frequency spectra much highUr
 
than the displacement signal and introduce considerable error In
 
the sampled data through the process of atlasing or fold ovor.
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Aliasing is a phenomenon that takes place when a signal has
 
energy content above some frequency, say B, and is sampled at only
 
twice this frequency, 2B. The energy above B will be "folded over"
 
into the region below B. Once fold over has taken place in the
 
sampled data, there is no way to separate it from the original
 
data. To avoid the problem of fold over, the third condition of
 
the sampling theorem must be met, i.e., sample at twice the high­
est frequency of any information present.
 
The sampling rate problem is present in this investigation
 
because of the nature of the data acquisition system. In a normal
 
ground test, the original continuous signal can usually be col­
lected. The information is then passed through a filter having a
 
desired cutoff frequency. The resulting signal is then sampled
 
at twice or slightly greater than this cutoff frequency, and the
 
aliasing problem is avoided. In the case of the LOFT antenna,
 
the original continuous signal is not available for filtering
 
since the acquisition is a sampling system.
 
Based on the above type of information, an estimate 10 times
 
the frequency of the m = 4, n = 8 mode (24.8 cpm) was used. The
 
particular data collection system for the LOFT antenna makes it
 
desirable to lower the sample rate to the lowest level possible
 
and still maintain sufficient information to adequately reconstruct
 
the time signal. With the present information, it is not possible
 
to give a precise sample rate because the frequency content of the
 
data and the effects of noise are both unknowns. It may also be
 
possible to reduce the sampling rate by incorporating several scan­
ning modes into the system, e.g., a mode to measure one point or
 
the points on one radial for an extended period.
 
-B. RADAR SYSTEMS
 
1. Radar System Considerations
 
The SORT-LOFT profiling task requires a radar system that is
 
capable of accurately measuring distance to preselected targets
 
located on the LOFT net structure. The system must also be capa­
ble of monitoring the net dynamics to allow an estimation~of the
 
reflector rms profile error as a function of time. It was, there­
fore, decided to investigate the relative merits and advantages of
 
four different types of radar techniques:
 
1) Pulse radar;
 
2) CW phase comparison radar;
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3) Two-frequency CW radar;
 
4) FM/CW radar.
 
The distance measurement accuracy was set at 6 mm, which corres­
ponds to 10% of the X/16 rms profile error of the 50-m LOFT when
 
operated over a frequency range of 17 to 150 MHz. Thus the radar
 
ranging system must be capable of obtaining range accuracies of
 
the order of one wavelength at the radar frequency of 35 GHz.
 
Pulse radar systems were investigated in a previous study and
 
were found to be totally unsuitable for the LOFT profiling 'task.
 
To obtain a range accuracy of 6 mm requires the capability to meas­
ure the time of arrival of the return pulse to an accuracy of 5 x
 
10-11 sec, which requires a counter clock rate of 2 x 1010 pps.
 
This is not feasible with present techniques. Furthermore, the
 
required pulse rise times are much too short to allow a range
 
accuracy of 6 mm. The error sources of systems performing lead­
ing edge measurements with a split-gate range tracker are given
 
below to illustrate the magnitude of the ranging problem:
 
1) Leading edge shape;
 
2) Thermal noise;
 
3) Fading noise;
 
4) Clock resolution;
 
5) Calibration;
 
6) Amplifier delay time;
 
7) Shaping circuit delay time;
 
8) Servo drift;
 
9) Crystal oscillator stability;
 
10) Delay generator stability.
 
The best estimate for the lowest total error in the range measure­
ment is ±2 m, which is totally unacceptable even for use with pro­
filing measurements on the 1500-m reflector.
 
CW phase comparison radar systems were also investigated in
 
considerable detail. These systems obtain the range information
 
by a direct measurement of the phase difference between the trans­
mitted and received signals. They are well suited for performing
 
highly accurate range measurements when used with a transponder.
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Such an arrangement is totally unfeasible for the LOFT profiling
 
task since even an all-solid-state, miniaturized transponder will
 
be much too large and heavy to allow its incorporation into the
 
LOFT net structure without greatly modifying the dynamics of the
 
net. Furthermore, even if compact, ultralightweight transponders
 
c6uld be developed for this application, the system would still
 
not be feasible because of other major system limitations. Thus,
 
the phase comparison techniques used require transmitter-receiver
 
isolation levels of at least 100 dB, which are extremely difficult
 
to obtain. These isolation levels cannot be achieved with a radar
 
system using a single antenna for both transmit and receive func­
tions. Hence, separate, widely-spaced, transmit and receive an­
tennas are required, and these will greatly increase the overall
 
system weight. An investigation was conducted to determine the
 
feasibility of a single transmit antenna and multiple receive
 
antennas to achieve the required isolation at a minimum weight
 
penalty. Such a system is also not feasible since the loss in
 
gain of the single transmit antenna required to achieve illumina­
tion of all the 36 targets distributed over the LOFT antenna re­
quires a corresponding increase in the gain of the multiple receiv­
ing antennas to maintain the same signal-to-noise ratio at the
 
receiver. Furthermore, since the phase comparison between the
 
transmitted and received signals is performed at the same fre­
quency any microphonics or vibration-induced noise in the rf cir­
cuits of either the transmitter or the receiver will greatly de­
teriorate the accuracy of the phase measurement. It was,-there­
fore, decided that the CW phase comparison method was nbt suit­
able for the LOFT profiling task.
 
The third type of radar investigated was a two-frequency CW
 
radar. This system can achieve the range measurement unambiguously
 
by transmitting two separate CW signals differing in rf frequency
 
and again performing a phase difference measurement with a phase
 
detector. The maximum unambiguous~range achievable corresponds
 
to half a wavelength at the difference frequency between the two
 
CW signals. This means that the maximum allowable frequency dif­
ference for the 50-m antenna measurements would be 5.,65 MHz while
 
the maximum AF for the 1500-m antenna measurements is 170 MHz.
 
If a high accuracy in the range measurement is required, the fre­
quency difference must be increased substantially. This cannqt
 
be done because of the ambiguity problem. Thus, the selection of
 
the frequency difference AF represents a compromise between range
 
accuracy and unambiguous operation of the radar, which is. a highly
 
undesirable tradeoff requirement. It is possible to increase the
 
accuracy alone by employing more than two rf frequencies. As more
 
frequencies are added to the system, the spectrum and target reso­
lutions approach those available with an FM/CW waveform. The usual
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system implementation require a Doppler shift for performing the
 
range measurement. When no Doppler shift is present, this method
 
could still be used by measuring the phase difference between the
 
two (or more) rf carrier signals. However, this method will then
 
introduce some of the same problems encountered with the CW phase
 
comparison method discussed previously. It was, therefore, de­
cided not to use this method for the LOFT profiling task.
 
The last two radar techniques investigated use FM/CW systems
 
for performing the range measurement., These systems have been
 
successfully applied to the design of low-altitude altimeters and
 
appear to have superior characteristics in short-range applica­
tions requiring high range measurement accuracies. The first
 
FM/CW radar systems designed used a linear sweep employing tri­
angular modulation of the carrier signal. The frequency differ­
ence obtained by heterodyning the transmitted and received sig­
nals is a function of the distance to the target, so that a simple
 
frequency counter will provide the necessary range data. This
 
type of system is plagued by a number of serious disadvantages
 
that preclude its application to the LOFT profiling task. These
 
factors are:
 
1) Large quantization error (fixed error). Reduction of
 
this error to the required 6 mm will require extremely
 
wide carrier deviations which are not practical even
 
with a 35 GHz radar system;
 
2) Severe isolation and feedthrough requirements;
 
3) Major vibration and microphonics problems;
 
4) Errors due to Doppler fluctuation noise;
 
5) Errors due to changes in modulation waveform.
 
Such a system is, therefore, not recommended since these prob­
lems cannot be easily solved. If a sinuosoidal instead of a
 
linear variation in frequency is used, most of these problems can
 
be completely eliminated and a reasonable system design can be
 
evolved. In a typical altimeter application of a variable fre­
quency deviation-type radar system, the measurement of the ampli­
tude of one or more of the sidebands of the received'signal and
 
the variation of ;he frequency deviation as a function of distance
 
can be used to maintain the modulation index constant. Similarly,
 
a system could be devised for the LOFT profiling task that would
 
maintain a constant modulation index so that the distance measure­
ment is always performed at the maximum point of the Bessel curve 
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corresponding to the selected sideband, and thus assure operation 
at the maximum signal to noise point. Although such a system does 
not have the quantization error problem of the frequency measure­
ment system, it is still sensitive to amplitude and modulation 
effects, and is, therefore, not suited for the LOFT profiling 
measurements. On the other hand, an examination of the Fourier
 
spectrum of the beat frequency signal between the transmitted and
 
received signals indicates that the relative phase of one of the
 
sidebands of this spectrum is a function of the round trip delay
 
time and hence range to the target. Thus, a measurement of the
 
relative phase between the selected received signal sideband and
 
the reference modulation oscillator will yield the desired range
 
information without any of the problems encountered with the other
 
FM/CW radar system designs. It was, therefore, decided to use
 
this type of system for the LOFT profiling measurements. The ad­
vantages of this sytem are: 
1) 	No quantization error;
 
2) 	Accuracy unaffected by amplitude and frequency effects.
 
Range accuracy limited solely by accuracy of phase
 
measurement and system signal-to-noise ratio;
 
3) 	Incidental AM and noise leakage problems eliminated;
 
4) 	No vibration and microphonics problems; ­
5) 	Doppler fluctuation noise due to mast vibration and
 
net motion eliminated;
 
6) 	Additional narrow banding possible at input of phase
 
comparator to improve system signal-to-noise ratio
 
and reduce overall weight;
 
7) 	Complete feed-through elimination by employment of
 
synchronous notch filters in receiver;
 
8) 	Solid-state transmitter and receiver designs assure
 
extreme simplicity and maximum reliability;
 
9) 	Transmitter power output growth and employment of
 
higher rf frequencies possible by employment of Gunn
 
effect oscillators operating in the LSA mode;
 
10) Incorporation of range gating circuits possible.
 
These advantages are extrenmely significant and should aLlow Lhe
 
desLgn of a sLmdpe radar systim capabLe of" providing thu desired
 
6-mll acuuracy Jt cle dlstaucc ieasur l'int.
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2. FM/CW Radar System for LOFT Profiling Task
 
The selected distance measuring radar consists of an FM/CW­
system using sinuosoidal modulation of the carrier, and which is
 
based on the relative phase measurement of one of the sidebands
 
of the beat frequency spectrum between the transmitted and re­
ceived signals. The Fourier spectrum of the beat frequency sig­
nal shows that the relative phase of each of the sidebands is a
 
function of the relative delay and hence the roundtrip distance
 
to the target. This can be seen by examining the expressions for
 
the transmitted, local oscillator and received signals of the
 
radar given by the following equations:
 
Transmitter signal:
 
El = VI sin '(2r fct + m sin 2n fmt) 
Local Oscillator Signal:
 
2 = V2 sin [2w(c + fIF) t + m sin 2w fmt] 
Received Signal:
 
E3 = V 3 sin [2n (fc + fd) (t - T) + m sin 2n fm(t - ) 
where
 
fc = Carrier frequency,
 
m = Transmitter modulation index,
 
fm = Modulation frequency,
 
fIF = Intermediate frequency,
 
fd = Doppler frequency due to net motion,
 
T = Roundtrip delay time.
 
The received spectrum at IF produced by mixing the received sig­
nal with the LO signal is shown in Figure IV-6. The product E2 x
 
E3 can be expanded in terms of Bessel functions to produce the
 
spectral representation shown.
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The leakage signal can be eliminated with a J0 notch filter
 
whose transfer characteristics are also shown in Figure IV-6.
 
Thus, by selecting one of the sidebands with a filter and cor- I 

paring its phase with that of the reference modulation oscillator
 
an accurate measurement of distance between the radar and the
 
target can be obtained. The accuracy of the measurement will be
 
determined principally by the accuracy of the phase measurement,
 
which in turn depends on the signal-to-noise ratio of the re­
ceived signal at the input of the phase comparator and the modu­
lation frequency employed. In general, the higher the signal-to­
noise ratio and the higher the modulation frequency, the easier
 
it is to provide the required phase measurement accuracy. Note
 
also from the above expressions for the received signal that the
 
received sidebands are Doppler shifted by fd due to the relative
 
motion between the radar and the target on the LOFT net structure.
 
At a carrier frequency of 35 GHz this Doppler shift amounts to a
 
mere 30 Hz for a net motion of 12.5 cm/sec., which is extremely
 
small. In the absence of any motion of the net, i.e., when there
 
is no Doppler shift at all, the J0 term is just direct current,
 
and the-amplitude of the modulation frequency harmonics depends
 
on the range to the target in rf wavelengths. In this case, a
 
spectral analysis of the received signal becomes meaningless. Thus,
 
to use the properties of the Bessel functions to achieve isola­
tion, the Doppler frequency must be artificially introduced by
 
translating the reference frequency to a different value either
 
in the rf signal path or in the IF signal path between the refer­
ence oscillator and the second mixer. This can be accomplished by
 
using a l-kHz oscillator and a frequency translator, and such a
 
system will be included in the preliminary design of an FM/CW
 
radar for the profiling task. The selection of the appropriate
 
sideband must be carefully considered since the employment of
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higher order sidebands of the received signal spectrum introduces
 
additional signal losses that will decrease the available signal­
to-noise ratio at the input of the phase detector. Thus, for
 
maximum signal-to-noise performance, which is synonymous with max­
imum range accuracy, a J1 system should be used. On the other
 
.hand, the major advantages of going to higher order sidebands are
 
lower feedthrough levels and residual leakage. Since the micro­
phonic and feedthrough problems caused by excessive leakage of
 
the carrier signal into the receiver will also introduce undesir­
able phase errors, the choice of sideband order is largely depen­
dent on the maximum modulation frequency that can be used by the
 
radar. Thus, for a maximum modulation frequency of 2.8 MHz avail­
able with a profiling radar for the 50-m LOFT antenna, a J1
 
system can be used without any problems due to excessive feed­
through. Conversely, a system designed for a profiling measure­
ment of the 1500-m LOFT antenna would be limited to a maximum
 
modulation frequency of 93 kHz, and would thus warrant considera­
tion of one of the higher order sidebands even though a loss in
 
signal-to-noise level will be experienced. In general, the ad­
vantages gained by microphonics-free operation and elimination of
 
the quantizaticn error will always justify the use of this type
 
of radar as long as the sideband component selected for process­
ing is outside the major portion of the AM noise spectrum from
 
the transmitter and the modulation frequency is properly chosen.
 
The choice of modulation frequency is governed by the following
 
considerations:
 
1) Ability to make unambiguous distance measurements;
 
2) Elimination of signal dropouts and distance holes.
 
The maximum range for the 50-m antenna profiling radar is R m
max 
26.55 m, corresponding to a roundtrip delay time T = 1.77 x 10 
sec. To make unambiguous distance measurements requires that 
twice the maximum distance measured is less than a wavelength at 
the frequency from which phase measurements are obtained, Thus,
 
if the first order sidebands are used, the phase angle of the
 
doubled modulation frequency should be less than 2w radians, or
 
in the case of certain phase measuring techniques less than v
 
raddans. Therefore:
 
c 3 x10 1 0 
For J1 System: Ifm - 3 x260 2.82 x 106 = 2.82 MHz (n=l) 4n Rmx (4)(n)I mimax ax (265-'-

R = 

(n=2) '' max
 
For J2 System: Im a = 8_c = 1.4 x '106 1.41 Mz 
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7 
ForJ 3 System: II = 94 x 106 = 940 kHz 
(n3) I m1max 12 Rma
 
2 R
For J4 System: fmImax i06
(n=4) 16mRx=1.705max 705 klz
7 

(n=5) I a 0Rmax
 
For J5 (nf5)aSystem: fm max- =20 R - .565 x 106 =5655 kHz
 
It is highly desirable to choose the maximum modulation fre­
quency in a system design since this will ensure maximum accuracy
 
in the distance measurement.
 
The second problem that must be solved is the dropout occur­
ring due to distance holes, These holes will occur when the argu­
ment of the Bessel function goes to zero for nonzero round trip
 
delay Limes.
 
This will occur when:
 
f T=n
 
m
 
or, since:
 
2R =c
 
T =- and f C
 C in m
 
Then,
 
nA
 
m
2'
 
where n = 1, 2j .3.
........
 
Therefore, it is important that R is always greater than the 
maximum distance to be measured by the radar, which in this case 
is R = 26.55 m for the 50-m antenna. 
max
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For J1 System (n=l): Am = 106 m; R = 53 m ..... 
For J 2 System (n=2): Am = 212 m; R = 106 m ...... 
For J3 System (n=3): Am = 319 n; R = 159.5 m.......
 
For Ji, System (n=4): Am = 426 m; R = 213 m. ........
 
For J5 System (n=5): Am = 531 m; R = 265.5 m .....
 
From the above, it is evident that all five systems are satis­
factory for the 50-m antenna radar since no distance holes occur
 
below R = 25.55 m. It is also evident that the 1500-m antenna
 
max
 
radar operating with a maximum modulation frequency of 93 kllz
 
(Am = 3220 m)no dropout will occur either even if a J1 system is
 
is used. Thus, due to the nature of the distance measurement to
 
be performed by the radar, it is entirely feasible to employ a J1
 
system for the 50-m antenna profiling radar. Any residual feed­
through can then be eliminated by the Jo notch filter in the IF
 
amplifier and by the J, bandpass filter used to select the desired
 
sideband for range processing.
 
Figure IV-7 shows a block diagram for a J1 radar for the 50-m
 
antenna. A Gunn oscillator is used as the primary transmitter
 
source at 35 GHz and is sinuosoidally modulated with a 2.8 M11z
 
crystal oscillator. This oscillator has a long-term frequency
 
stability of 1 part in 106 or 2.8 Hz. The Gunn oscillator is a
 
state-of-the-art solid-state transmitter generating 35 mW of CW
 
power at 35 GHz. In applications requiring extremely high signal­
to-noise ratios, the power output of this device can be stepped up
 
to 250 mW to provide additional transmitter power. The rf head
 
consists of a directional coupler, single sideband modulator, cir­
culator-duplexer, balanced mixer, and antenna switching circuits.
 
A small amount of the transmitter signal is fed to the single side­
band generator, which uses balanced modulators excited by a 60 MHz
 
oscillator to produce a single sideband signal offset from the
 
carrier by the 60 MHz IF frequency. This signal serves as the
 
local oscillator source for the receiver.
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Figure IV-7 FM-SW Radar SORT-LOFT Distance Measurement, J1 System
 
The antenna switching system consists of diode switches in a
 
corporate feed arrangement allowing a simple switching procedure
 
for sequentially switching in the different horn antennas to pro­
vide a sweep in the radial direction. The received signal is fed
 
through the circulator-duplexer to the balanced mixer where it is
 
mixed with the local oscillator signal from the single sideband
 
generator to produce a 60 MHz IF signal. After passing through
 
the IF preamplifier, the signal is fed to a J0 notch filter which
 
eliminates any transmitter leakage and carrier feedthrough that
 
might overload the IF post amplifier. The synchronous notch fil­
ter for this purpose is shown in Figure IV-8. This.is a conven­
tional circuit arrangement utilizing a reference signal obtained
 
from the 60 MHz pscillator. The output of the IF post amplifier
 
is fed to a second balanced mixer'where the received signal is
 
beat-with a lopal oscillator signal from the 60 MHz oscillator
 
that has undergone a 1 kHz frequency translation to introduce the
 
artificial Doppler shift. The 2.8 MHz output from the second
 
mixer is then fed to the J1 notch filter that performs two func­
tions. The first function is to pass only the J1 sideband as
 
shown in Figure IV-6, while the secofid function is to reject any
 
non-Doppler shifted leakage signals located at the J-1 frequency.
 
After passing the received signal through a 2.8 MHz amplifier and
 
bandpass filter, the signal is fed to a square-law frequency dou­
bler that reconstructs a narrow carrier spike located at twice the
 
modulation frequency. This process will eliminate any Doppler
 
fluctuation noise due to erratic motions of the antenna. The re­
ceived signal is finally passed through a narrowband crystal fil­
ter that is used mainly to improve the system signal-to-noise
 
ratio to achieve the required range measurement accuracy. The
 
phase comparator will then compare the phase of the received sig­
nal with that of. the doubled frequency of the 2.8 MHz modulation
 
oscillator to provide the final distance measurement.
 
The need for providing range gating circuits for this radar
 
system was investigated. This requirement is brought about by the
 
following factors:
 
1) Residual reflections from the net structure; 
2) Antenna sidelobe coupling'to secondary targets; 
3) Reflections from the LOFT mast structure. 
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n 
Since the normal net motion will result in excursions up to 25 cm,
 
a range gating system was devised to perform the following func­
tions:
 
1) Provide range gating circuits that effectively disre­
gard returns from targets corresponding to the first 
176 nsec of round trip delay time; 
2) Divide the remaining time interval into finite steps 
depending on the required range resolution; 
3) Generate an extremely fast waveform for phase 
parator control purposes. 
com-
The range gating syste is shown in Figure IV-9. Each channel
 
contains its own time-dump circuit that effectively disregards
 
returns from all targets except the net target. A separate time­
dump circuit is used for each radar antenna-net target combination
 
and these circuits are switched in synchronously with the antenna
 
switching system. The output from these circuits is fed to a
 
stripline delay line that is tapped at preselected intervals de­
termined by the desired range increment. The output from each
 
tap generates a switching signal for a control circuit that can
 
be used to control the phase comparator. Thus, the phase detector
 
can be made to perform measurements only on targets lying within
 
the last nanosecond of received sideband phase, which corresponds
 
to a target range variation of 0.3 m. Unfortunately, this method,
 
while theoretically possible, cannot be easily implemented because
 
of the difficulties encountered with the output circuits required
 
to transmit the fast waveform to the phase comparator. The band­
width requirements for this system are so great that even with
 
present advanced techniques it is completely impossible to build
 
a system capable of range gating out all but the last nanosecond
 
of the received signals.
 
An alternative system that should work well, consists of ex­
tracting many different sidebands from the received signal at the
 
output of the second mixer, and isolating these sidebands with
 
simple bandpass filters. Since the ratio of the amplitudes of
 
these signal components is a function of range to the target, it
 
is entirely feasible to compare the amplitudes in a ratio detector
 
and discriminate against all targets not lying within a preset
 
band centered around the expected mean distance to the-desired
 
target on the net structure. It is thus possible to disregard
 
all returns not falling within the prescribed band and process
 
qnly the return from the desired target.
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Figure IV-9 Range Gating Circuits
 
The radar system described is capable of performing the LOFT
 
profiling measurements to an accuracy of 6 mm (X/16) as long as
 
the signal-to-noise ratio is maintained at a level of 60 dB at the
 
input to the phase comparator. Because the system uses a double
 
conversion receiver it is possible to obtain high system gain with'
 
low-noise performance as long as a low-noise IF system is used.
 
However, to simplify the receiver and reduce the number of cir­
cuits and parts required, it was decided to investigate the pos­
sibility of using a receiver that would directly convert the re­
ceived signal to the sideband spectrum at the modulation frequency.
 
Figure IV-iO shows the noise temperature ratio of both Schottky
 
barrier detectors and point contact diodes as a function of the
 
beat frequency when these detectors are used in a direct conver­
sion receiver. Note that for a J1 system operating with a modula­
tion frequency of 2.8 MHz, a direct conversion system will provide
 
almost the same performance characteristics as a double conversion
 
system using a 60 MHz IF amplifier chain. It is, therefore, de­
sirable to use such a system for the profiling measurements of
 
the 50-m antenna, although it would not be permissible to use this
 
method with a profiling radar for the 1500-m antenna, which is
 
limited to a maximum modulation frequency of 93 kHz for a J1 sys­
tem. This system simplification will eliminate the 60 MHz oscil­
lator, 60 MHz IF amplifier, and the second mixer. The synthetic
 
Doppler shift can now be introduced into the rf signal path and
 
the function of the J0 notch filter can be combined with that of
 
the J1 filter in an integrated feedthrough elimination and side­
band selection design. A block diagram of the simplified FM/CW
 
radar ranging system is shown in Figure IV-ll, while the synchro­
nous notch filter is shown in Figure IV-12. The latter design is
 
similar to the filter design for the 60 MHz IF system except that
 
the bandpass filters are designed to perform a dual function.
 
This system is, therefore, recommended for use with the 50-m an­
tenna and should achieve the desired range accuracy of the pro­
file measurement.
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3. Radar Transmitter
 
The radar transmitter represents an important part of the over­
all radar system, and must be designed to provide extreme relia­
bility at minimum weight and minimum size. This becomes even more
 
apparent when multiple transmitter/receiver assemblies are consid­
,ered for the LOFT profiling radar,-thus placing great emphasis on
 
small, compact transmitter assemblies. These transmitter designs
 
must not only be reliable, but must also'generate sufficient power
 
at microwave frequencies to help provide the extremely high signal­
to-noise ratios required to achieve the 6-mm range accuracy of -the
 
profiling measurement. This means that microwave solid-state power
 
sources had to be investigated that not only would provide the re­
quired power levels, but that had sufficient growth possibilities
 
to allow future application to the 1500-m antenna profiling task.
 
Furthermore, since these devices were to be used in an FM/CW radar
 
system, they should exhibit low AM and FM noise levels.
 
Five.important classes of solid-state devices exist for'gener­
ating microwave power that were considered for the above radar ap­
plication:
 
i) Transistors; 
2) Transistor-driven varactor harmonic generator chains; 
3) Tunnel diodes; 
4) Avalanche transit-time devices; 
5) Transferred-electronic devices. 
In addition to these power sources, ruggedized klystrons are now
 
available that could be considered as possible transmitter sources.
 
The power output obtainable from existing single microwave
 
transistors is as follows:
 
40 W at 400 DlHz;
 
15 W at I GHz;
 
5 W at 2 G1Hz;
 
250 mW at 4 GHz;
 
20 mW at 6 GHz. 
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Microwave tunnel diodes will provide much lower power levels with
 
only a few milliwatts of power available at the lower microwave
 
frequencies. For radar applications in the 35 GHz region of the
 
microwave spectrum neither of these devices, therefore, offers
 
much promise because of extremely low power levels at these fre­
quencies. A fixed frequency tunnel diode oscillator built
 
for operation at 50 GHz would provide a power level of only 0.2
 
mW. This power level is entirely inadequate for the radar pro­
filing application. On the other hand, successful transistor­
driven varactor multiplier chains have been built providing use­
ful power levels up to X-band and higher, with only the varactor
 
multiplier losses limiting the useful power outputs of these trans­
mitters. Recently, substantial improvements in the power han­
dling capabilities and conversion losses of varactor multipliers
 
have been achieved by the use of multiplier circuits in which the
 
rf power is divided among two or more varactor diodes. Also use
 
of multiple Junction varactor diode and series-stacked varactor
 
diodes has greatly improved the performance of varactor chains
 
in the microwave region. At the present time, the state of the
 
art of the CW power output of transistor-driven varactor multi­
plier chains is given by the following values:
 
20 W at 2 GHz;
 
10 W at 4 GHz; 
5 W at 8 GHz;
 
1 W at 13 GHz.
 
A typical system with one stacked varactor assembly using four
 
diodes in series will multiply a 4 0Hz input signal to 12 GHz,
 
providing an output power level of 1.2 W at a conversion efficiency
 
of 62%. This signal is then fed to another varactor multiplier
 
that multiplies ihe frequency to the desired 36 0Hz radar oufput
 
frequency, sustaining a further loss of 8 dB, thus providing a
 
useful power output of 250 mW. Such a system could easily be used
 
in the desired radar application. Klystrons have been built in
 
ruggedized forms for use at 35 GHz providing useful CW power out­
puts up to 25 mW. These devices, however, are relatively heavy
 
and, therefore, do not appear to provide an ideal solution to the
 
transmitter problem. Thus, the best transmitter options appear
 
to come from the following three types of devices:
 
1) Transistor-driven varactor multiplier chains; 
2) Avalanche-diode oscillators; 
3) True Gunn effect oscillators. 
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The state of the art of microwave avalanche-diode oscillators
 
is shown below, indicating that these devices exhibit relatively
 
high CW power levels for transmitter applications in the K-band
 
region:
 
4.7 W at 13.3 GHz (n = 8%); 
320 mW at 39 GHz (n = 7%). 
These devices will provide power-(frequency) 2 products of almost
 
4000, which is more than two orders of magnitude greater than the
 
largest pf2 product available from transistors. However, both the
 
AM and the FM noise of avalanche-diode oscillators is relatively
 
high so that they are mostly used in local oscillator applications
 
where a balanced mixer can be used to suppress some of the oscil­
lator noise. This disadvantage is not present with transferred­
electron devices such as the Gunn effect oscillator, which can
 
also supply the higher power levels required by the K-band radar
 
application. In fact, current designs of these devices have
 
yielded pf2 products in excess of 2 x 104 watts - (GHz)2 , so that
 
a true Gunn effect oscillator would appear to be an ideal choice
 
for the radar transmitter.
 
Several important modes of operation of gallium arsenide di­
odes can be used. In one mode, the frequency of oscillation is
 
made higher than the transit-time frequency by extinguishing each
 
domain before it reaches the anode. A second mode of operation
 
is the LSA mode where the frequency of operation is independent
 
of the carrier transit time and is solely determined by the cir­
cuit around the sample. Therefore, at a given frequency of opera­
tion in the microwave region, an LSA sample can be made much thick­
er than a sample'operating in the transit-time mode. Thus, since
 
the maximum thickness of such a sample is independent of frequency,
 
substantial power levels should be available even at the very high
 
microwave frequencies. This opens up the interesting possibility
 
of using these devices at frequencies of 60 GHz and higher where
 
extremely small and light radar antenna assemblies can be employed.
 
Gunn effect oscillators can be tuned by utilizing anyone of
 
three possible methods:
 
1) YIG sphere tuning;
 
2) Varactor tuning;
 
3) Variation of diode voltage.
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For the LOFT profiling radar, the maximum modulation frequency for
 
a J1 system is 2.8 MHz and this can easily be achieved by using
 
the variation of diod& voltage method above. Thus, by pulling the
 
diode, the required sinusoidal modulation of the carrier can be
 
obtained without any trouble at 35 Ghz.
 
Table IV-I shows the characteristics of a K-band Gunn oscil­
lator that is well suited for use with an FM/CW profiling radar.
 
Table IV-l K-Band Gunn Oscillator
 
(Gallium Arsenide Oscillator)
 
P t = 10 mW - 26 to 40 GHz (Catalogue Item) 
P = 75 mW - 32 GHz
 
t 
P t = 250 mW - 32 GHz, 4-Month Development Program 
n = 2% to 3% 
(a) 	AM - Noise: -120 dB at 1 to 10 kHz from Carrier
 
-130 dB at 30 kHz from Carrier
 
(b) 	FM - Noise: -65 dB at 10 kHz from Carrier ( Af- 1 kHz)
 
-95 dB at 100 kHz from Carrier ( Af- 1 kuz)
 
Weight: 0.1 kg
 
Temperature: -54oC to +710C
 
3
8 cm
Volume: 

This lightweight transmitter design can be applied to a multiple
 
transmitter/receiver FM/CW radar for the LOFT profiling task.
 
Figure IV-13 is a 	block diagram of a complete solid-state trans­
mitter assembly including the RF head and an RF amplifier that
 
can be packaged into a volume of 50x38x20 cm and weighs only 0.34
 
kg. Three such assemblies can easily be installed on the LOFT
 
mast to serve as compact transmitter/receivers for the LOFT pro­
filing radar.
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Figure -1-13 Solid-State Transmitter Assembly 
4. 	Radar Antennas
 
One of the most important considerations in the design of a
 
small, light FM/CW radar, is the proper choice of a suitable an­
tenna. Since the radar must be mounted at or near the top of the
 
mast, preferably just below the primary antenna feed system, the
 
antenna must be as light as possible in order to keep the total
 
weight of the radar to an absolute minimum. Furthermore, since
 
the 	LOFT antenna is rotating, only symmetrical antenna configura­
tions should be considered in order to maintain a mechanically
 
stable assembly. Thus, an offset paraboloid was considered totally
 
unacceptable because of the extreme loads imposed on the rotating
 
LOFT spacecraft. It was, therefore, decided to undertake a thorough
 
study of the following types of antennas for use with an FM/CW
 
radar for the LOFT profiling tasks:
 
1) 	Electronically steered antenna arrays;
 
2) 	 Butler-matrix fed antenna arrays;
 
3) 	Electronically-switched, separate high-gain antennas;
 
4) 	Electromechanically-switched, separate high-gain an­
tennas.
 
The required antenna gain and half-power beamwidths for a LOFT
 
profiling radar is dictated by system signal-to-noise considera­
tions which, in turn, determine the accuracy of the distance meas­
urement. Furthermore, narrow-beam antennas would be required in
 
any case since it is highly desirable to illuminate only the sq­
lected target on the LOFT net structure and to avoid radar returns
 
from nearby targets that might introduce undesirable ambiguities.
 
The antenna gains required for different measurement accuracies 
are given below: 
AR 0.625 cm C = 32.1 dB 0hp = 4.70 
AR = 3.125 cm G = 27.4 dB 6hp = 8.050 
AR = 6.25 cm G = 22.7 dB hp = 12.10 
These antenna gains have been selected for a Jl radar, and higher
 
values may be desirable if a J3 or J5 radar were to be implemented.
 
Because of the stringent signal-to-noise requirements, a J, radar
 
is probably most desirable for the LOFT profiling task, so that the
 
above antenna gains should represent a realistic requirement.
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However, if many targets are to be placed on the LOFT net struc­
ture, the G = 22.7 dB antenna will provide a wide enough beam to
 
illuminate more than a single target, thus causing a difficult
 
target separation problem. Furthermore, because of the wide half­
power beanmidth, a large amount of the conducting net structure
 
would have to be removed to provide a single target environment.
 
Thus, a realistic antenna gain requirement for the LOFT radar
 
should be limited to antenna gains of 27.4 and 32.1 dB. These
 
antenna gains have, therefore, been employed in arriving at a de­
cision on the optimum type of antenna configurations for the LOFT
 
profiling radar.
 
a. Electronically Steered Antenna (ESA) Arrays - ESA arrays
 
have been used widely in radar applications during the past few
 
years. They provide flexibility and beam agility and permit a
 
single, narrow antenna beam to be scanned over scan angles up o
 
!600 without serious pattern deterioration. Slotted waveguide ar­
rays are usually used in the microwave region, although phased
 
arrays of high-gain elements such as ours could be considered
 
nonlimited scan angles. The number of elements required to pro­
duce a specified gain is determined by array efficiency, required
 
sector coverage, and the aperture illumination function in accord­
ance with the following relationship:
 
G = naNG cos 4 
where:
 
n = arriay efficiency,
 
a = aperture illumination taper factor,
 
N = number of elements,
 
G = element gain,
e 
= scan angle.
 
The beamwidth of each array element must be at least as large
 
as the desired array angular coverage. For the LOFT radar, this
 
implies an element beamwidth of at least 100' unless multiple
 
phased array apertures are used by the radar. Thus a slotted
 
waveguide array would probably provide the best configuration,
 
and an element spacing of 0.54 X is indicated to cover the re­
quired ±600 scan angle. For a 30 2B gain antenna, this yields
 
the following antenna parameters:
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G 1000 
a- Cos 0.8 =1250 
e 
For a planar phased array: N - N N = 1250; Nx = Ny = 36 
xy 
Thus a 36x36-element array would be required to provide the neces­
sary gain with aperture dimensions of about 20x20A or 17.7x17.7
 
cm at a radar frequency of 35 GHz. This appears quite feasible
 
even though a large number of ferrite phase shifters would be re­
quired to steer the beam. The weight of electronically steerable
 
phased-array antennas generally increase directly with gain and
 
is thus dependent directly on the number of array elements. Other
 
problems encountered are severe dimensional tolerances, packaging
 
constraints, high rf feed network losses, and performance relia­
bility.
 
In the case of the LOFT profiling radar, where the anten­
na must be located at the top of the mast, further disadvantages
 
appear that dictate against the use of an ESA array in this ap­
plication. These are listed below:
 
A single ESA array located at the top of the mast would
 
look directly into the conducting structure of the LOFT
 
mast located in the near-zone of the ESA array pattern.
 
This causes a major deterioration in the antenna pattern,
 
loss in gain, and restricted scan capability;
 
Multiple, high-gain ESA arrays would be required to pro­
vide obstruction-free transmission to selected targets
 
on the LOFT reflector, with a subsequent increase in an­
tenna weight. For a 36-target environment located on six
 
radials, a minimum of four offset ESA arrays would be re­
quired to cover the target area of interest;
 
The employment of multiple ESA arrays would be reldtively
 
inefficient unless a much larger number of targets is se­
lected for observation;
 
Each ESA array would require an excessively large number 
of phase shifters that will further increase the weight 
and complexity of the antenna. Computer control of the 
phase shifters may be required to properly sequence the 
antenna steering functions. 
The preceding disadvantages far outweigh the advantages
 
of using an ESA array, at least as far as the LOFT radar applica­
tion is concerned. In addition, it should be mentioned that an
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FM/CW radar is sensitive to reflections from the antenna and its
 
feed system, which means that a complex array with its corporate
 
feed networks and associated phase shifters will very likely in­
troduce larger reflections than a simple, unscanned high-gain
 
antenna. Thus, unless a much greater number of targets is re­
quired for the profiling task, the added complexity of an ESA
 
array does not appear to warrant its use.
 
b. Butler-Matrix Feed Antenna Arrays - In the microwave re­
gion, phase-shift beam steering can also be done by a series of
 
parallel phase shift matrices serving as beam-forming and feed
 
networks. The array beam is discretely steered in space by switch­
ing from one matrix port to another. This is shown in Figure
 
Iv-14.
 
7 
YTT 7 
Beam-Focusing Matrix and Feed Network
 
Control Signals
 
Switching Matrix 
-. from 
Beam Programer
 
L Input/Output' 
Figure IV-14 Array Beam Steering
 
If the beam-forming matrix consists of 3 dB hybrids and
 
passive phase shifters, a Butler-matrix feed is obtained that
 
provides multiple beams from a single-array aperture. A typical
 
.4x4 array is shown in Figure IV-15. Such a system can be de­
signed to provide as many beams as there are antenna elements,
 
and provides the advantage that a separate transmitter receiver
 
can be fed into each input to the matrix thus providing true real­
time data on all targets located on the LOFT net structure. Un­
fortunately, the Butler-matrix will become excessively complex
 
and lossy where a large number of elements are required for the
 
array, and can realistically only be considered for planer arrays
 
up to 16x16 elements. Since the positions of the multiple-beams
 
is discretely fixed in space by the illumination provided by the
 
static feed matrix, it is impossible to vary or adjust the posi­
tion of any particular beam.
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Figure IV-15 Multiple-Beam Radar System (Category 11) 
In Table IV-2 the position of the various beams is shown
 
for planar arrays up to 16x16 elements. Note that for a Butler­
matrix feed system, the number of teams clustered around the array
 
normal will increase as the number of elements of the array are
 
increased. This is a highly undesirable condition for the LOFT
 
profiling measurements because most of the targets will be located
 
.
between i = 200 and * = 550 Thus, such a system cannot provide 
the necessary high-gain beams required in these regions without
 
physically tilting the antenna aperture, which again would require
 
multiple apertures. Thus, the complexity of such a system would
 
seem to rule out this approach.
 
Table.IV-2 Position of Various Beams
 
N N x N *0n 
x y f 
16 4x4 = ±14.50 
h2 =-±48.60
 
64 8x8 *01 = ±7.20 603 = ±440
 
hP2 = ±220 604 = +610
 
P01 = ±3.60 605 = ±34.2'
 
202 = ±10.80 606 = ±43.40
 
203 = ±18.2' 607 = ±54.4'
 
h4 = ±25.90 e08 = ±69.4°
 
c. Electronically Switched, Separate High-Gain Antennas -

If the number of targets located on the LOFT net structure does
 
not become excessively high, it is entirely feasible to consider
 
a separate transmit/receive antenna for each target and sequen­
tially switch in different antennas. This approach appears to
 
have great merit for an FM/CW radar, which requires low antenna
 
losses and reflections. The antenna considered for this approach
 
can be a simple pyramidal horn designed to provide a symmetrical
 
beam that is directed at each target without encountering any
 
obstructions from the mast. The design of such an antenna will
 
now be carried out to provide antenna gains of 32.1 and 28.4 dB.
 
For a pyramidal horn with an aperture width, A, and an aperture
 
height, B, the following design equations can be employed:
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X2 - Antenna Gain 
51 (A) deg - E-plane half-power beamwidth 
70 (j) deg - H-plane half-power beamwidth 
The antenna dimensions can be chosen so that the E-plane
 
and H-plane beamwidths are identical, thus providing a symmetrical
 
beam for the radar. The antenna half-power beamwidth is plotted
 
as a function of the normalized horn width in Figure IV-16.
 
For
 
G = 32.1 dB and B. = = 4.7:
BH 

A/A = 14.9 and A = 12.8 cm (f = 35 GHz) 
B/A = 10.85 and B = 9.3 cm (f = 35 GHz) 
For
 
G = 27.4 dB and B. = - 8.050:
BH 

A/A = 8.6 and A = 7.4 cm (f = 35 GHz) 
B/A = 6.35 and B = 5.4 cm (f = 35 GHz) 
The antenna gain requirements are determined not only from
 
signal-to-noise considerations, but also from size, weight, and
 
packaging restraints. Another important factor in the LOFT radar
 
application is the desirability for minimum removal of the con­
ducting structure of the net to eliminate multiple target prob­
lems. Ideally the radar should measure the distance to only a
 
single target, but in any practical application sidelobe coupling
 
to secondary targets is probably unavoidable. The main beam it­
self may see more than one target because of residual reflections
 
from the net structure, thus necessitating removal of a small por­
tion of the conducting structure. For a target complex of 32
 
targets distributed over eight radials on the 50-m antenna, a loss
 
in surface area of 5.75% occurs if enough of the conducting struc­
ture is removed to provide no additional targets down to the -3
 
dB points for a radar antenna having a beamwidth of 4.7'. In the
 
Table IV-3, the loss in LOFT area is given for different radar
 
beamwidths and target combinations.
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Table IV-3 Antenna Area Lost
 
Beamwidth Antenna Area Lost Gain Loss, 
(deg) Configurations (%) db 
4.7 3 Radials, 4 Targets/Radial 2.15 
 0.10
 
8.05 3 Radials, 4 Targets/Radial 5.90 0.26
 
4.7 8 Radials, 4 Targets/Radial 5.75 0.25
 
8.05 8 Radials, 4 Targets/Radial 15.7 0.74
 
4.7 3 Radials, 6 Targets/Radial 3,25 0.15
 
8.05 3 Radials, 6 Targets/Radial 9.4 0.39
 
4.7 6 Radials, 6 Targets/Radial 6.5 0.30
 
Although, for the last case given in the above table, the loss
 
in antenna gain amounts to only 0.3 db, it is entirely possible
 
that these holes will have a deleterious effect on the LOFT antenna
 
pattern and particularly the side lobe and back lobe levels. These
 
effects can generally be reduced only if the hole diameters become
 
less than X/8, which is, in effect, the criterion for the LOFT mesh
 
opening. Nevertheless, although measurements of these effects are
 
not available at this time, it is believed that the deterioration
 
in the antenna pattern will be minor if the loss in antenna area
 
can be kept below 5 to 7%.
 
The three possible pyramidal horns are small, compact, and can
 
be manufactured using magnesium casting techniques to provide a
 
minimum weight penalty. Typically, the 7.4x5.4 cm horn would weigh
 
0.23 kg., the 12.8x9.3 cm horn would weight about 0.34 kg, while
 
the 4.5x3.3 cm horn would weigh no more than 0.15 kg. Furthermore,
 
tt is possible to obtain an additional 50M weight savings by using
 
plastic horn structures with a highly conductive, metallic coating
 
for the inside surfaces. If the entire antenna assembly is manu­
factured in this way, it can be easily joined to the diode switches
 
and waveguide runs connecting the transmitter/receivers to the vari­
ous horn antennas. Thus, even though multiple antennas are used
 
by the radar, the weight penalty will be very small as long as the
 
number of targets (and antennas) is not excessive. Certainly for
 
a 36-target complex distributed over six radials, separate horn
 
antennas are to be preferred, particularly since they will provide
 
an ideal, matched load for the radar transmitter besides having a
 
relatively high efficienty and low feed losses.
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d. Electromechanically Switched, Separate High-Gain Anten­
nas - Since about 75% of the total weight of the radar system for
 
a 36-target complex distributed over six radials is due to the
 
multiple antennas, a simple indexing head has been suggested as
 
a possible means of reducing the number of switched antennas from
 
36 to 18. The radar would first measure the distance to 18 tar­
gets by sequentially switching in the 18 pyramidal horns to three
 
transmitter/receivers located on the LOFT mast. The indexing head
 
would subsequently rotate the antenna assembly by 600 so that dis­
tance measurements to the remaining 18 targets can be performed.
 
There are two major problems associated with such an arrangement.
 
First, the time required for mechanically rotating the antennas
 
to their new position precludes the achievement of the desired
 
sampling rate of 5 sps. Secondly, the torque forces introduced
 
by rotating the head 600 are totally unacceptable from a dynamic
 
standpoint because they would cause severe deflections of the LOFT
 
mast, thus impairing the stability of the system as well as the
 
distance measurement accuracy. It was, therefore, decided to use
 
the originally planned 36 antennas for the 36-target complex lo­
cated on the radials despite the additional weight penalty.
 
The results of the radar antenna study indicated that it
 
is entirely feasible to consider a multiple antenna assembly lo­
cated at the top of the LOFT mast just below the primary feed sys­
tem and the front stay reel. A separate pyramidal horn antenna is
 
provided for each target located on the LOFT net structure. A
 
layout of a 36-antenna system using 12.8x9.3 cm horn antennas is
 
shown in Figure IV-17. Six transmitter/receivers are used. Each
 
transmitter/receiver is sequentially switched by simple microwave
 
diode switches to the six antennas measuring the range to the tar­
gets on one of the radials. Such a system should be highly relia­
ble and can be constructed for a total weight of only 14 kg. The
 
only real problem associated with such a multiple antenna assembly
 
is the aperture blocking introduced by the 36 horns, which may
 
scatter sufficient power from the primary feed system to modify
 
the secondary pattern of the LOFT antenna.
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5. Radar Targets for LOFT Net Structure
 
The selection of an appropriate target configuration for the 
LOFT net structure represents an important consideration in the 
design of the profiling radar. For the radar to operate satis­
factorily, a target is required that presents a reasonably high 
radar cross section in the direction of the radar antenna. Fur­
thermore, the target radar cross section should not change appre­
ciably with the normal net motion, which will change the aspect 
angle of the target with respect to the antenna. Because the 
primary requirement for the LOFT profiling radar is to obtain a 
very high signal-to-noise ratio to achieve a superior range meas­
urement accuracy, the radar target should be designed to present 
a large radar cross section without a large weight penalty to the 
net itself. In fact, it is absolutely essential that any target 
considered for the LOFT net does not alter the dynamic charac­
teristics of the net. This requirement rules out any considera­
tions for radar systems using active transponders to perform the 
distance measurement. 
In view of the above considerations, the following target
 
options were investigated:
 
1) Corner reflectors; 
2) Single crossed-dipole wire targets; 
3) Array of crossed-dipole targets; 
4) Thin wire mesh. 
Of these options, the corner reflector provides probably the 
least attractive solution because it requires an extremely high 
rf frequency to present the necessary radar cross section with a 
minimum modification to the net structure. It can, therefore, be
 
dismissed unless system implementations using microwave frequen­
cies in excess of 100 GHz are considered for the profiling radar.
 
At the present time, a 35 GHz radar system would require a corner
 
reflector size that would be too large to allow incorporating such
 
targets into the net structure without modifying the dynamics of
 
the net.
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A single crossed-dipole wire target represents a convenient
 
target for the profiling radar because it can be easily made part
 
of the current net structure. Thus, one can choose the desired
 
location of these targets on the LOFT net and merely remove suf­
ficient net conducting structure to allow the radar beam to view
 
only the single crossed-dipole target. The scattering character­
istics of such a target are almost omnidirectional in the azimuth
 
direction so that the normal net motion will not change the radar
 
cross section seen by the radar. In Figure IV-18 the radar cross
 
section of these targets is plotted is a function of normalized
 
wire length for two different wire diameters. The experimental
 
data obtained shows that the maximum radar cross section is ob­
tained for a normalized wire length of 0.45 resulting in values
 
of a of 0.8X2. These values may not be high enough for certain
 0
 
radar applications requiring extreme range measurement accuracies,
 
thus calling for an array of such dipoles to increase the radar
 
cross section.
 
Typically, a two-element array should provide a 3 dB increase
 
while a four-element array will increase the radar cross section
 
by 6 dB. These arrays can easily be implemented since at f = 35
 
GHz the operating wavelength (A = 8.6 mm) is short enough so that
 
a small array with A/2 spaced elements will provide compact target
 
assemblies that can easily be incorporated into the net structure.
 
Thus, a five-element array consisting of four outer elements sur­
rounding a central element in a diamond array would probably be
 
sufficient with a LOFT profiling radar designed to have a range
 
measurement accuracy of 6 mm.
 
Another interesting target configuration consists of a thin
 
wire mesh that would occupy a complete square on the LOFT net
 
structure. The wire mesh opening would have to be small enough
 
to simulate a reflecting screen (d < X/8) that would then present
 
a radar cross section given by the following relationship:
 
A2 = 47T cosO 
where:
 
o = aspect angle of net, 
A = area of wire mesh,
 
X = wavelength.
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Figure IV-18 Target Radar Cross Section as a Function of Wire Diameter
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This value can be obtained only when the reflecting screen is nor­
mal to the radar path and will decrease if the reflector net shape
 
changes significantly. Nevertheless, for a 7.25x7.25 em target
 
screen area, a substantial increase in radar cross-section will be
 
observed over what can be obtained with a single target or a small
 
array. The major disadvantage of this approach is that the scat­
tering pattern of such a screen may contain deep nulls that will 
cause large variations in system signal-to-noise ratio and possi­
ble signal dropouts. It is, therefore, not recommended for the
 
LOFT profiling radar. Thus, the simplest type of target is still
 
the crossed-dipole wire target or a small array of such dipoles.
 
The above radar targets can be distributed over the LOFT dish 
in different geometries. Six possible systems were considered
 
during the course of this study and these are shown in Figure
 
IV-19 and listed in Table IV-4. The target distribution shown in
 
system F was used in the evaluation of the profiling radar.
 
System A and B System C System D 
System E System F
 
Figure IV-19 Possible Target Systems
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Table IV-4 Six Possible Target Systems 
System Radials Targets/Radial Transmitter/Receivers Points 
A 8 4 8 32 
B 8 4 4 32 
C 4 4 4 16 
D 3 4 3 12
 
E 3 6 3 18
 
F 6 6 6 36
 
(Indexing Head)
 
Experimental work was performed to determine whether the LOFT
 
net itself would reflect enough energy to cause a major problem
 
due to multiple targets. An FM/CW radar system will work best
 
when only a single target is seen by the antenna beam. When more
 
than one target is illuminated by the antenna, the radar generally
 
measures the distance to the strongest target. Thus, it is im­
portant to obtain data.on the reflectivity of the net at 35 GHz.
 
The results of these measurements are shown in Table IV-5, which
 
gives the net transmissivity as a function of incidence angle.
 
Note that the 50-m antenna net is almost completely transparent
 
to electromagnetic energy at 35 GHz. Pictures of- the experimental
 
setup employed in the anechoic chamber are shown in Figure IV-20.
 
A closeup view of the actual net structure tested is shown in Fig­
ure IV-21. Figure IV-22 shows the parabolic antenna used for the
 
measurements. The antenna pattern of the transmitting antenna was
 
carefully measured with and without the LOFT net with no signifi­
cant. change observable in the two patterns. This indicated that
 
the net wire structure does not effect the 35 GHz transmission.
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Table IV-5 Antenna Measurements
 
Net Transmissivity
 
(f = 35 GHz)
 
Incidence Attenuation Transmissivity
 
Angle (deg) (dB) ()
 
0 -0.05 98.9
 
10 -0.2 95.5
 
20 -0.6 87.1
 
30 -0.7 85%
 
Hole Transmissivity
 
(D = 14 cm - f = 35 GHz)
 
Beamwidth Attenuation Transmissivity Antenna Area 
(deg) Configuration (.B) (%) Lost (%) 
4.7 3 Radials, 4 Holes/Radial -29 0.125 2.15
 
8.05 3 Radials, 4 Holes/Radial -24 0.4 5.90
 
4.7 8 Radials, 4 Holes/Radial -22 0.62 5.75
 
8.05 8 Radials, 4 Holes/Radial -16 2.5 15.7
 
4.7 3 Radials, 6 Holes/Radial -26 0.25 3.25
 
8.05 3 Radials, 6 Holes/Radial -20 1 9.4
 
4.7 6 radials, 6 Holes/Radial -23 0.5 6.5
 
' fie 
oc 
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Figure IV-21 Actual Net Structure Tested
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Figure IV-22 Parabolic Antenna
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Nevertheless, it was felt that some of the conducting structure
 
around each target might have to be removed at least to the -3 dB
 
points on the antenna pattern or preclude residual reflections
 
over the strongest portion of the radiation pattern. The 50-m an­
tenna was scaled down to the K-band test frequency utilizing a flat
 
plate approximation to the circular antenna structure, and holes
 
were subsequently drilled into this flat plate to simulate the
 
amount of area removed from the antenna by using nonconducting
 
dielectric strands. This plate was then placed at a point in the
 
transmission path where the illumination at the edge of the plate
 
was -11 dB, thus simulating the actual 50-m antenna illumination.
 
To preclude energy diffracting around the edges of the 14 cm diam­
eter plate, the circular plate was placed in a flat ground plane
 
large enough to reduce the diffracted energy from the illuminat­
ing antenna to a level of -60 dB at the receiver antenna. The
 
transmissivity of the holes was subsequently measured at 35 gc
 
and the results are shown in Table IV-6. Measurements were made 
of the target arrangements of systems A, B, D, and E of Fig. IV-19
 
and for half-power beamwidths of 4.7o and 8.050. The results of
 
the transmissivity tests indicate that only small losses need to
 
be expected if the radar beamwidth is 4.7O and that a 36-target
 
complex should not greatly deteriorate the performance of the
 
LOFT antenna. As indicated previously, if the loss in antenna
 
area can be kept below the 5 to 72 level there should be only
 
minor effects on both antenna gain and the pattern of the LOFT
 
antenna. 
Iv-58
 
6. Radar Signal-to-Noise Considerations
 
The distance measurement accuracy of the SORT LOFT radar sys­
tem is a function of the signal-to-noise ratio available at the
 
input to the phase comparator. Thus, it is extremely important
 
to design the radar to provide as high a signal-to-noise ratio
 
as possible within realistic size, weight, and power constraints
 
imposed by the transmitter and the antenna assembly.
 
The familiar radar range equation gives the relationship be­
tween the various radar parameters and the resulting signal-to­
noise ratio as follows:
 
PR GT GR 
X 2
 
R 4
 P- (4w)' 

_ PaY GT GR X 2 a LE
 
N (41)3 (kT Af)Rr'
 
where:
 
= P av 
PT = average transmitted power,
 
PR = received power,
 
GT = transmit antenna gain,
 
GR = receive antenna gain,
 
A = antenna width,
 
B = antenna height,
 
a = target radar cross section,
 
R = distance to target,
 
S
 
N = signal-to-noise ratio at receiver,
 
L'= system rf losses,
 
IV-59
 
E = sideband efficiency factor, 
k = Boltzmann's constant, 
T = equivalent noise temperature of receiver, 
e 
Af = receiver noise bandwidth. 
Also at the receiver input, we have: 
T (F- 1) T 
e o 
F = Lc + 10 logl0 (NT - 1 + NIF) 
where:
 
F = receiver noise figure,
 
T = reference temperature = 290'K,
 
0
 
NT = receiver noise temperature ratio,
 
NIF = noise figure of IF amplifier,
 
L = mixer conversion loss.
 
c 
For an FM/CW radar system that measures distance by means of
 
phase comparison of one of the sidebands of the received spec­
trum with the phase of the transmitter modulation freqrency, the
 
sideband efficiency factor becomes:
 
E = j 2 (M)
 
n 
M = 2 m sin (21 fm
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where:
 
J = Bessel Function of order "n",
n
 
M = received modulation index,
 
m = transmitted modulation index,
 
f = modulation frequency,

m
 
T = 2R roundtrip delay time. 
C
 
If the largest possible signal-to-fioise ratio is desired at
 
the maximum design range (R = Rax 26.55 m), the radar system
 
must be designed to operate at the maximum value for the particu­
lar order of the Bessel function of argument, M, selected by the
 
J filter of the radar receiver. The value of E has been calcu­
n
 
lated for Bessel sidebands up to the fifth order with the results
 
summarized in the following tabulation.
 
Sideband n(M) M E dB down from J1 (a)
 
J1 0.5815 1.8 0.345 0
 
J2 0.4862 3.1 0.237 -1.6
 
J3 0.4344 4.2 0.189 -2.6
 
J4 q.399 5.4 0.159 -3.4
 
J5 0.374 6.4 0.140 -3.9
 
The radar cross section of a target consisting of crossed­
dipole resonant wires approximately half a wavelength long has
 
been measured and is given by the following emperical relation­
ship:
 
A2
 a = b.8 
The loss factor, L, takes account of rf system losses and includes
 
the circulator loss, transmission line loss, and rf losses due to
 
the pin-diode switches between the transmitter and the antennas.
 
Because of the relatively simple rf system and the use of well­
matched pyramidal horn antennas, these losses can be kept to an
 
absolute minimum.
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Thus, for rf system losses, the value of L has been chosen to
 
be 2 dB, or L = 0.63 in the radar range equation.
 
Signal-to-noise calculations will now be carried out for five
 
different systems to obtain a performance comparison between radar
 
systems operating in different bands of the microwave spectrum
 
and using different antennas. If varactor-multiplier power sources
 
are used, the available power output will decrease with increas­
ing frequency. Other solid-state transmitters will show a simi­
lar decrease in power as the frequency is increased. Furthermore,
 
current state-of-the-art mixer designs using Schottky barrier
 
epitaxial diodes or Ga As point contact diodes indicate an in­
crease in receiver noise figure with increasing frequency. Since
 
the antenna gain increases as 1/X2 for a given aperture, the trade­
off calculations will be carried out for two different antenna
 
apertures and three different frequencies in the microwave region.
 
The radar parameters of the five different systems to be considered
 
are given below.
 
System 1: f = 60 GHz X = 0.5 cm
 
CT = GR = 1620 = 32.1 dB; A = 7.4 cm B = 5.4 cm 
L = 5.6 dB; NIF = 1.5 dB; = 1.6
NR 

F = 8.6 dB = 7.25
 
- 3 W
P = i x 10

av 
2
 
u = 0.8 A2 = 0.20 cm 
Af = 1 kHz = 103 Hz 
System 2: f = 35 GHz X = 0.86 cm
 
G, = G = 1620 = 32.1 dB A = 12.8 cm B = 9.3 cm 
T R 
F = 7.5 dB = 5.63 
P = 4 x lO-3 W 
av 
2
 a = 0.8 A2 = d.59 cm 
Af = 1 kHz = 103 Hz 
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System 3: f = 35 GHz A = 0.86 cm 
GT = GR = 549 = 27.4 dB A = 7.4 cm B = 5,4 cm 
F = 7.5 dB = 5.63
 
P = 4x10- 3 W
 
av
 
a = 0.8 A2 = 0.59 cm2
 
Af = 1 kHz = 103 Hz
 
System 4: f = 13 GHz A = 2.31 cm
 
GT = GR = 76 = 18.8 dB A =7.4 cm B =5.4 cm
 
F = 5.5 dB = 3.55 
P =ix10-2 W
 
av
 
2
 
a = 0.8 A2 = 4.26 cm 
Af = 1 kHz = 103 Hz 
System 5: f = 13 GHz A = 2.31 cm
 
GT= GR = 224 = 23.5 dB A 12.8 cm B =9.3 cm
 
F = 5.5 dB = 3.55
 
P =1x10-2W
 
av
 
= 0.8 X2 = 4.26 cm2
 
Af 1 kHz = 103 Hz
 
The results of the signal-to-noise calculations for the five sample
 
systems are plotted up in Figure IV-23 as a function of the dis­
tance to the target. For a 32-target complex distributed over
 
eight radials, the following values are obtained for the minimum
 
ard maximum range:
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Figure 1V-23 Signal-to-Noise Ratio 	vs Range, FM/OW Distance Measuring Radar
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R . = 20.95 m at = 20
 
mln
 
R = 26.55 m at ' = 530 
max
 
The corresponding roundtrip delay times are given by:
 
T , = 1.4 x 10- 7 sec = 140 nsec 
min
 
- 7
T = 1.77 x 10 sec= 177 nsec
 
max
 
The signal-to-noise calculations were performed for received side­
bands up to the fifth order (J1 to J5 ). An examination of these ­
results indicates that although the highest signal-to-noise ratio 
is achieved with system 5, the relatively wide antenna beamwidth 
(BE = BH = 12.6') dictates against the use of this system because
 
this would require removal of a large part of the conducting struc­
ture of the LOFT net. On the other hand, to reduce the antenna
 
beamwidths to those obtainable in systems 1 and 2, the X-band an­
tenna aperture dimensions would have to be increased to A = 34.4
 
cm and B = 25 cm, which would cause an undue increase in system
 
weight and practically eliminate the possibility of packaging 32
 
horn antennas at the top of the mast. It was, therefore, decided
 
to select system 2 as the optimum configuration for the LOFT radar
 
profiling task. With this configuration, a Jj system will yield
 
a signal-to-noise ratio of 28 dB at the maximum range, and a J3
 
system can be designed to provide additional isolation and still
 
yield a signal-to-noise ratio of 25.4 dB. These results strongly
 
favor the employment of the 35 GHz system with the larger antennas.
 
The availability of compact power sources in this region of the
 
microwave spectrum, such as small Gunn effect devices and Impatt
 
oscillators further suggests that the advantages gained by going to
 
the K-band region will not be offset by substantially lower power
 
output levels or reduced reliability.
 
The overall signal-to-noise requirements that must be met by
 
the profiling radar to achieve a given accuracy in the distance
 
measurement are shown in Figure IV-24. This plot was obtained by
 
computing the theoretical accuracy achievable in a phase measure­
ment when the phase of a sinewave is measured in the presence of
 
noise. In the FH-CW sideband phase comparison radar, the distance
 
measurement is achieved by comparing the phase of the received
 
sideband with the phase of the modulation oscillator. Thus, the
 
accuracy of this measurement is simplya function of the signal-to­
noise ratio at the input of the phase comparator.
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Figure IV-24 Requirement to Achieve a Given Accuracy 
The amount of narrow banding permissible at the output of the
 
square-law doubler depends only on the frequency stability of
 
the modulation oscillator, which can be a crystal controlled os­
cillator with a long-term stability of 1 part in 106. It should,
 
therefore, be possible to incorporate a narrowband crystal filter
 
between the square-law doubler and the-phase comparator to sub­
stantially improve the signal-to-noise ratio at the input of the
 
phase detector. The sensitivity factor of the relative phase
 
measurement is simplypy Rm ax, = out
 mesrmnw, which at Rmax 26.55 m comes 

to 14.7 cm/deg of phase. This means that a very accurate phase
 
measurement will be required to achieve a good range measurement
 
accuracy. An examination of Figure IV-24 indicates that a signal­
to-noise ratio of 60 dB is required to obtain a range accuracy of
 
0.625 cm or 10% of the expected X/16 profile error of the LOFT
 
antenna structure. If the range measurement accuracy can be re­
laxed to 3.125 cm or 50% of the rms profile error of the LOFT
 
antenna, a signal-to-noise ratio of 42 dB would suffice. A crude
 
radar range measurement to an accuracy of 6.25 cm on the other
 
hand would require a signal-to-noise ratio of only 20 dB, which is
 
rather easily achieved. The question as to what distance measure­
ment accuracy is required by the radar remains unanswered, but
 
various systems can be postulated that will yield different meas­
urement accuracies associated with different system weights and
 
antenna configurations. Thus, even though a highly accurate radar
 
system capable of measuring the range to each target to an accu­
racy of 0.625 cm can be designed, further analysis should be made
 
to determine that this accuracy is consistent with the number of
 
target points on the LOFT net structure.
 
To obtain a comparison between different radar system config­
urations, it was decided to sketch out the characteristics of
 
three systems each capable of measuring the distance to the tar­
get to a different accuracy. The three range measurement accu­
racies selected arbitrarily were 0.625 cm, 3.125 cm, and 6.25 cm
 
corresponding to signal-to-noise requirements of 60 dB, 42 dB, and
 
20 dB, respectively,, as shown in Figure IV-25. The results of
 
the system implementations selected are summarized in Table IV-6.
 
The extremely accurate system (AR = 0.625 cm) will achieve a sig­
nal-to-noise ratio of 60 dB by increasing the rf power level avail­
able from the Gunn oscillator to 40 mW (+10 dB), reducing the
 
crystal filter bandwidth to 100 cycles (+10 dB), increasing the
 
radar cross section of the target by a factor of four (+6 dB),
 
and increasing the integration time per channel to 34 msec (+5.2
 
dB). The size of the pyramidal horn antennas remains at 12.8x9.3
 
cm to yield a gain of 32.1 dB, and the total system weight for
 
a 36-antenna radar system is estimated at 14.5 kg.
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Table IV-6 System and Accuracy Options 
System F, 36 Points 
Required 
Range S/N 
Accuracy (dB) How Achieved Antennas Used Weight 
0% rm, 
Error 
60 (Jl- 1 kHz) = 28 dB 
Af = 100 H +10 dB 12.8 cm 
8.2 kg 
(18 Horns) 
40mW=+i0dBPt =40dB(36 W +1 9.3 cm 14.5 kgHorns) 
Int. Time = 34 msec = +5.2 dB 
a Increase = 4 = +6 dB G = 32.1 dB 
Total = 60 dB 
3.125 cm,5 m, 42 -. S (J,- 1 kHz) =18 dB 6.4 kg 
50%rrs 
Error Af 
Pt 
= 100 Hz = +10 dB 
=40 mW =+10 dB 
4(36 
7.4 cm 
F5.4 cm 
(18 Horns) 
10.5 kg 
Horns) 
,Int. Time = 14 msec = +1.5 dB 
0 Increase = 2 = +3 dB G = 27.4 db 
Total = 42 dB 
6.25 cm,100% rms 
100rMror. 
Error 
20 
N (J3 ­ 1 kHz) =6 dB 
Af = 100 Hz = +10 dB 
c 
5 kg(18 Horns)( Hr 
P mW=+4 dBmt =(36 8.2 kgHorns) 
Int. Time = 
ao Increase 
10 msec = 0 dB 
= 0 = 0 dE 
G = 23 dB 
Total = 20 dB 
Net Notion = 12 cm/sec 
The medium accuracy system (AR = 3.125 cm) will still require the 
transmitter power increase to 40 mW and the reduction in the crys­
tal filter bandwidth to 100 Hz, but can operate successfully with
 
a twofold increase in target radar cross section and an integra­
tion time of 14 msec per channel. This system utilizes 7.4x5.4
 
cm pyramidal horn antennas and can be implemented for a total
 
weight of 10.5 kg again using a full 36-antenna complement operat­
ing on 36 targets. The low accuracy system (AR = 6.25 cm) uses
 
a J 3 sideband phase comparison radar for added isolation and will
 
achieve the required 20 dB signal-to-noise ratio by going to a 10
 
mW transmitter and 100 Hz crystal filter bandwidth, but without
 
requiring an increase in the target radar cross section or the
 
miniyium integration time. This system can be implemented with
 
4;5x3.3 cm pyramidal horns to yield a gain of 23 dB, and the same
 
36-antenna radar will now weigh only 8.2 kg.
 
One of the requirements of this study was to investigate the
 
extrapolability of a radar design for a 50-m antenna profiling
 
radar to a similar instrument for measuring the profile of the
 
full-scale 1500-m LOFT antenna. It is well known that FM-CW
 
Bessel sideband radar systems operate best at short ranges and
 
that at longer ranges the maximum allowable modulation frequency
 
must be reduced to meet the ambiguity requirement. Thus, for a
 
J1 radar for the 1500-m antenna, the maximum modulation frequency
 
that can be used is 93 kHz. This fact alone will preclude the
 
use of a direct conversion receiver because the noise-temperature
 
ratio of the receiver would be much too high. Thus, a 60 MHz
 
double-conversion receiver will have to be used for this task.
 
The sensitivity factor of the relative phese measurement increases
 
by a factor of 30, but the range measurement accuracy requirements
 
for the larger antenna decrease by a factor of 30, so that the
 
same signal-to-noise requirements stili apply. Thus, the new
 
raddr must be able to compensate for the loss in performance be­
cause of increased range, which amounts to approximately 59 dB.
 
This can be achieved by employing he following new radar param­
eters:
 
Transmitter power = 400 mW (+10 dB);
 
Crystal filter bandwidth = 10 Hz (+10 dB);
 
Antenna aperture: 40.6x29 cm (+20 dB);
 
Radar target configuration: lOxlO planar dipole array
 
(+20 dB).
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These parameters can be achieved without escessive development
 
work. The increased size of the antenna apertures,will require
 
also an increase in the length of the horn antennas, which may com­
plicate the packaging problems of the antenna assemblies on the
 
LOFT mast. Furthermore, the weight of the 36 antennas employed
 
will be substantially increase over those employed with the 50 M
 
SORT-LOFT reflector, thus providing a greater weight penalty for
 
this radar profiling system. It might, therefore, be preferable
 
to employ parabolic antennas instead of the long horn antennas
 
since the former could save a considerable amount of weight. Be­
cause the operating frequency of the profiling radar remains the
 
same (f = 35 GHz), but the LOFT net opening has been increased by
 
a factor of 30, a much higher net transmissivity can now be
 
achieved for those portions of the net illuminated by the antenna
 
beam but not containing radar targets. This means, in effect,
 
that problems due to multiple targets so important to the proper
 
operation of the radar .systemhas now been greatly reduced, and
 
should, therefore, facilitate the achievement of the rquired 60dB
 
signal-to-noise ratio (AR = 6 mm). The reduction of the crystal
 
filter bandwidth to 10 Hz will require a minimum integration time
 
of 0.1 sec. Thus, if three transmitter/receivers are used to
 
measure the distance to 36 targets located on the LOFT net using
 
sequential scanning techniques, it will take 1.2 sec to obtain
 
one measurement on each target.
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C. OPTICAL METHODS
 
1. 	General Considerations
 
The purpose of this part of the study is to investigate the
 
possible optical methods of measuring the contour or profile of a
 
50-m diameter, earth orbiting LOFT radio telescope. The task
 
requires the accurate measurement of the position of targets stra­
tegically placed over the LOFT net structure as a function of time
 
so that the dynamics of the LOFT net and mast may be known. To
 
this end, the following optical methods were investigated:
 
1) 	Analytical photogrammetry;
 
2) 	Facsimile camera system;
 
3) 	Laser ranging systems;
 
4) 	Alternative methods, including a theodolite array and
 
an image dissection camera technique.
 
The 	baseline accuracy requirement was taken to be +6 mm, corres­
ponding to 1/10 of the 1/16 rms profile error of the 50 M LOFT.
 
The ultimate mapping speed was 5 contour maps per second, each
 
map consisting of a range measurement of the 36 separate targets
 
placed over the LOFT net.
 
The results of the investigation indicated that the best meth­
od to use for the LOFT profiling task is a ow laser ranging sys­
tem, and the specifications for such a system are provided. It
 
was also determined that although the facsimile camera was not
 
suited for the contour measurement, it could be used as a televi­
sion camera to monitor certain portions of the spacecraft deploy­
ment.
 
A tradeoff matrix of the major optical methods considered is
 
given in Subsection 6 of this section, where the important param­
eters affecting the choice of the optimum system are indicated.
 
2. 	Photogrammetry
 
Large-diameter ground-based antennas lend themselves to analy­
sis using straightforward analytical photogrammetric techniques.
 
Two camera stations are usually required, and a typical test con­
figuration is shown in Figure IV-25, where a preferable camera­
antenna axis angle of 450 is indicated. Highly visible targets
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Figure IV-25 Photogrammetric Measurement of Ground-Based Antenna
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are usually required to be fixed to the antenna surface, and the
 
images are recorded on ultraflat 0.25 in. thick high-resolution
 
film plates, with, for example, a 7.5x7.5 in. format. Some means
 
of scale is usually required, and current procedure is to stretch
 
an Invar tape across the surface of the antenna.
 
To obtain high contrast between targets and background, tests
 
may be conducted at night using flash illumination or the antenna
 
axis should be oriented within 600 of the sun line for day testing.
 
For application to the 50 M LOFT, several modifications would be
 
required. Even with these modifications, such a system appears
 
to be unworkable for the 50-m profiling task.
 
a. Photogrammetric System for the Task - Under optimum con­
ditions, photogrammetric methods can be accurate to one part in
 
25,000 of the distance between the camera and the object being
 
measured. When this criterion is applied to the 50 M LOFT, the
 
accuracy goal of +6 mm can be met with the distance between the
 
camera positions and antenna net as great as 100 m. Three camera
 
placement configurations were considered: 100 m from the LOFT
 
structure, using a cooperative satellite; below the vertex on
 
extendable booms; and at the LOFT-antenna feed, also on extendable
 
booms.
 
The first method was dismissed from further consideration
 
because of the envisioned difficulties of providing power, orienta­
tion, and telemetry capability for the camera-bearing cooperative
 
satellite. It was felt that this possibility was far more compli­
cated than necessary to accomplish this task.
 
The second method considered was to place a pair of cameras
 
to the rear of the LOFT spacecraft as indicated in Figure-IV-26.
 
The system could be deployed from the LOFT by a second mast struc­
ture, and the stereo pair sequentially positioned using extendable
 
booms. Although feasible, there are several shortcomings to this
 
approach that make it unwieldy for the profiling task: an increase
 
in the dynamic instability of the entire spacecraft; and the graz­
ing sighting angle to targets located near the rim, particularly
 
from the camera on the opposite side of the LOFT axis. Additional
 
factors involving system weight and camera acceptance angle would
 
apply to this method of placement, particularly as the distance
 
from the vertex to the camera station(s) is held to a minimum.
 
In addition, the extra mast and stereo camera booms would be an
 
unnecessary complication.
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Figure IV-26 Stereo Camera Deployment below Vertex
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The most reasonable placement scheme is indicated in Figure
 
IV-27. Some advantages of placing the cameras at this position
 
include minimum deployment mechanisms (no extra mast structure,
 
as in the previously considered method); approximately constant
 
distances to the targets; and having the cameras closer to the
 
measured surface, ensuring maximum amount of light collected from
 
the reflective targets.
 
If a camera system is used that is capable of achieving a
 
+1.0 mm resolution at the antenna surface, then a peak to peak sur­
face contour resolution as a function of stereo separation angle
 
is given in Figure IV-28. Because a +6.0 mm resolution is required
 
for the 50 M LOFT, a minimum stereo separation angle of 220 is re­
quired (+ 11' from the axis of the antenna). To maintain the sep­
aration angle, the camera stations must be approximately 10 m apart.
 
Because data reduction techniques,do not require accurate knowledge
 
of the Qamera station locations or pointing directions, the only
 
constraints on positioning and pointing the cameras are:
 
1) Maintain minimum separation angle (22*); 
2) Maintain minimum distance from antenna (25 m); 
3) Maintain pointing direction such that all targets are 
in the field of view (approximately ±20). 
Because it will be required to obtain contour measurement
 
data in real time, the normally used photographic plates will be
 
replaced by a vidicon tube readout system, as indicated schemati­
cally in Figure IV-29. The two cameras would image the net sur­
face on the faces of the two vidicon tubes to be read into the
 
telemetry equipment and sent to a ground-based computer. The
 
separation of the two cameras will have to be assumed known, which
 
is not an unreasonable assumption if fairly rigid struts are used
 
for camera deployment. The pointing directions of the two cameras
 
could possibly be determined from bright star images on the vidicon
 
tube readout. The camera/object distance under this configuration,
 
approximately 20 m, would allow the accuracy requirements of +6.0 mm
 
to be readily achieved under ideal measurement conditions.
 
The speed of operation of the system would be limited by
 
the speed of operation of the vidicontube readouts. The 5 sps
 
goal can be met using this type of readout system.
 
The targets proposed to be used with this system would
 
consist of small inflatable spheres, approximately 50 mm diameter,
 
attached to the r~flecto' grid. The mass of such a target is es­
timated to be of the order of 0.1 gm/target. The use of any other
 
type of target would, in some measure, disturb the dynamics of the
 
fiet surface; this proposed type of target is the most.lightweight
 
available, and, in addition, would be compatible with the reflec­
tor itself.
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Figure IV-27 Photogrammetric Method of Measuring Contour
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Figure IV-28 Range Resolution as a Function of Stereo Separation
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Figure IV-29 Block Diagram of Photogrammetric Method of Contour Measurement
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Provided that the LOFT be properly oriented with respect
 
to the sun, the targets, will provide an adequate signal of re­
flected light, highly visible against the black background of
 
space; However', if the LOFT were oriented with the earth as back­
ground, the targets may not be individually visible.
 
The positioning of the cameras determines that the sub­
tended angle required for each camera would be approximately 97',
 
a relatively large angular field of view. The wide angle lenses
 
limit the antenna orientations at which the contour may be meas­
ured. Because of the extremely wide-angle lenses required, th
 
target images would be washed out whenever the sun is within 500
 
of the camera's pointing direction.
 
To obtain data during eclipse, a high-frequency flash lamp
 
would be required to illuminate the targets.
 
Perhaps one of the most serious problems encountered is
 
the weight of the photogrammetric system, particularly the camera
 
lens. For example-,,.a wide angle (90 field of view) Universal-

Avigon lens assembly, with a focal length of 15.0 cm weighs approx­
imately 40 kg. The glass/lens elements are a large portion of this'
 
weight, which do not lend themselves readily to weight reduction.
 
b. Evaluation of Photogrammetric Methods --Although the photo­
grammetric system could meet the accuracy requirements, and operate
 
in eclipse using a high intensity flash illumination, there are
 
major drawbacks to application on the 50 M LOFT. The orientation
 
requirements would be severe, primarily because of the 'xtremely
 
wide angle lenses needed in the cameras. The system weight, seri­
ous in itself, would also affect the moment of inertia and dyna­
mic stability of the LOFT structure because of the location of
 
major weight components on booms extended from the mast. The ac­
tual deployment of the camera stations would also be a problem of
 
some consequence. Using only the indicated two camera stations,
 
the entire net surface would be difficult to map with equal accu­
racies because many of the targets would lie at the edge of the
 
camera field of View, where the lens performance is poorest.
 
Although the 1500 M LOFT structure would have a greater
 
load carrying capacity, and could possibly support the deployment
 
of an appropriately scaled multiple camera station system, many
 
of the above mentioned drawbacks would still apply, such as orien­
tation requirement, and requirement of a substantially higher power
 
flash system for collecting data while in eclipse.
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In summation, although analytical photogrammetry can be
 
an excellent means of acquiring the contour data for a stable
 
structure under more controllable conditions, for the present task
 
the method would be highly unworkable.
 
3. Facsimile Camera
 
A facsimile camera is a line scanning device, forming an image
 
by means of a mechanically scanned telescope combined with a sili­
con photodetector located in the center of the image plane. The
 
telescope optics themselves do not move; rather a mirror rotates
 
while slowly nodding above the telescope objective, imaging the
 
object field line by line into the telescope lens. Figure IV-30
 
is a cutaway view of one type of facsimile camera manufactured by
 
Philco-Ford. The scanning mirror and the small diameter photo­
detector combine to rotate a single resolution element through
 
360' azimuth. As the mirror rotates in azimuth, the elevation
 
angle is slowly changed, with a resultant helical scan over the
 
object field. Characteristically, the object field is 90x360'.
 
The outstanding feature of the facsimile camera that lends itself
 
to the present application is this unique scanning format. The
 
circular LOFT antenna would be ideally suited for this circular
 
scann±ng technique. Additional plus factors include low weight,
 
low power requirements, and the capability for providing precise
 
angular measurement of target locations. Two of these cameras
 
could be used as a stereo pair to obtain contour data of the
 
50 M LOFT antenna while in earth orbit. (Units have been designed
 
with a weight as low as 0.3 kg, power requirements as low as 1 W,
 
and a size as small as 2.5 cm diameter by 15.0 cm).
 
The normal output of some of these cameras is a raster scan
 
picture (actually a helical scan) consisting of 500 to 900 hori­
zontal lines per frame, each line extending a full 3600 in azimuth,
 
providing a true panoramic view from the camera's position.
 
The output of the facsimile camera is diagrammed schematically
 
in Figure IV-31 for three net conditions4 (1) ideal pattern;
 
(2) pattern indicating trail ang-le a, where the targets at the
 
rim lead or lag behind the targets located closer to the antenna
 
vertex; and (3) pattern indicating eccentricity, e, or oval shaped
 
net structure.
 
Although the facsimile camera would be well suited to make
 
the contour measurements of the 50 M LOFT structure under some con­
ditions, the inability of the system to provide contour measurement
 
during eclipse by the earth represents a severe shortcoming of
 
this system. This fact effectively eliminates this method from
 
serious consideration for development as a contour measuring
 
device.
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Figure IV-31 Typical Outputs from Facsimile Camera
 
iV-82
 
However, a facsimile camera does have the capability of ulse 
on the LOFT as a television camera to observe, for example, the 
deployment of the net from the toroid. As the mast is extended, 
annular pictures of various diameters of the reflector net could 
be provided, This application is suited to currently designed 
facsimile cameras where a trade-off can be effectively made between 
speed of operation vs field of view. The contour measurement task 
would require a much more sophisticated camera design. These ap­
plications are discussed further in Chapter VI. 
a. Implementation of Facsimile Camera Profiling System
 
1) Placement of the Cameras - The method most appropriate
 
is a vertical baseline stereo mode, using two facsimile cameras,
 
or stations, slaved together to provide a pair of pictures capable
 
of being reduced to provide a stereo representation of the dynamic
 
net contour.
 
Ideally, one would prefer as large a baseline as pos­
sible. However, there are several factors that must be taken into
 
account. If, for example, the lower of the two cameras were
 
mounted at the vertex of the paraboloid, the visibility (reflec­
tance) of flat target reflectors would be low and the cross sec­
tion of the targets would diminish considerably. Thus, the two
 
cameras would "see" different sized targets. From the lower posi­
tion, it is also entirely possible that because of dynamic motions
 
in the net, several of the targets could disappear from the field
 
of view. The further the cameras are placed from the vertex, the
 
more alike will be their operating characteristics, and the more
 
accurate the contour measurements obtainable under the imposed
 
constraints. The ideal placement is indicated in Figure IV-32.
 
A design shortcoming of this system is the inability
 
of currently designed cameras to see objects or targets inside of
 
some critical angle, which is determined by physical parameters
 
of the camera design. This is indicated in Figure IV-35 where
 
the angle of 300 indicated is the minimum sighting angle, as meas­
ured with respect to the camera axis. This angle corresponds to
 
the 40% radius of the LOFT antenna, when deployed in the baseline
 
configuration indicated in Figure IV-32. A possible design solu­
tion to this problem would be the use of a'conical mirror to image
 
the area inside of the 40% radius. This is indicated in Figure
 
IV-34. The conical mirror could either be a 3600 continuous mir­
ror surrounding the minifax camera or it c6uld be segmented, one
 
segment corresponding to one each of the six targeted radials.
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The camera location for this configuration would be
 
inside and coaxial with the mast to minimize asymmetrical moments
 
of inertia. The amount of vignetting by the longerons and battens
 
in the mast may be avoided by a-careful selection of the radials
 
instrumented with targets. The'closest longerons and battens sub­
tend an angle of 40 mrad in the camera's field of view; at a dis­
tance of 28 m (the net distance from the feed position), this angle
 
represents a dimension of 1.3 m on the net surface. Since the tar­
gets are spaced approximately 3 to 4 m apart, the shadowing by the 
mast structure can be considered as nominal, blocking at most, one
 
target at a time, Another possibility would be to use six or more
 
cameras, each looking at one radial of the antenna. The mass of
 
such a system would still be rather low, approximately 3 kg for
 
the camera heads themselves. To obtain stereo representation of
 
the net contour, this approach could be suitably modified to accom­
modate either two sets of three each cameras, or two sets of six
 
each camera heads, separated by a known vertical baseline. In
 
either cage, it is piobable that not more than three camera heads
 
could be operated from the same supply, and the penalty would be
 
in an increased system mass. In either of these multiple camera
 
configurations, to accomodate a trail angle of 2' would require
 
a combined nodding and rotating motion that would prove to be mech­
anically more complicated because of the desired speed of opera­
tion than a single high-speed rotation coupled with a slower nod­
ding motion. In addition, the use of multiple camera arrays would
 
not result in any significant reduction of system cost.
 
2) Speed of Operation - The frame rate goal of the facsi­
mile camera system has been set at 5 contour maps/sec for the 50-m
 
antenna. This provides a major problem in implementing a facsimile
 
camera system. A characteristic frame time of the fastest camera
 
yet designed is 30 see for a panozamic frame extending 900 in
 
elevation and 360* in azimuth. There are, however, feasible ap­
proaches to meet the 5 contour maps/sec goal.
 
In the proposed system each facsimile camera scans
 
only the annular regions within which the targets are ltcatcd.
 
The scanned regions are large enough to accomodate the radial in­
plane excursions of the targets, as well as the mast bending and
 
oscillations. The reason for scanning only the targeted annuli
 
is to reduce the rotational speed requirement. To scan 120 lines
 
(or resolution elements) would take one-fourth the time required
 
to scan 480 lines. By scanning only the targeted areas, the effi­
ciency of scanning is increased. As a base configuration, one
 
revolution will scan each targeted annulus, and one revolution
 
will be allowed for indexing to the next elevation angle.
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In this manner, to achieve the 5 map/sec goal requires an azimuth
 
rotational speed of 60 revolutions/sec, or 3600 rpm. Each annulus
 
will be 120 resolution elements in width. If a single detector
 
were used to map the targeted areas, then the azimuth rotational
 
speed requirement would increase by a factor of 120 or a speed of
 
0.4 x 106 rpm. To circumvent this, it is possible to use a multi­
ple detector array in the facsimile camera, so that several detec­
tors are looking at several individual resolution elements; if
 
120 detectors are aligned in a linear array, then as the scanning
 
mirror is rotated in azimuth, the camera will sweep out a region
 
120 resolution elements in elevation angular width and the normal
 
3600 azimuth panorama. Thus, the targeted regions may be scanned
 
with the 3600 rpm azimuth rotational speed. To provide an even
 
flow of data, one camera would be indexing down in elevation while
 
the other camera is scanning the targeted area; upon completion
 
of one revolution, the operation would be reversed. In this mode
 
of operation, one control unit could be multiplexed between the7
 
two camera heads.
 
The data rate output of the facsimile cameras is very
 
high, ;on the order of 107 bps. However, since the information
 
is composed primarily of zeros (no target in the field of view)
 
it is most amenable to data compaction techniques to reduce the
 
data rate to a value compatible with the telemetry bandwidth.
 
The on-board computer necessary for this task is well within the
 
state of the art, and would be containedon a card approximately
 
10x12.5 cm by several millimeters thick,
 
3) Accuracies of the System - To obtain useful data using
 
the facsimile camera, discrete targets will be required. The
 
net-and supporting structure will be considered invisible to the
 
facsimile camera telescope optics. The size of the targets should
 
be approximately 70 mm diameter, as discussed below, and will be
 
considered as a baseline configuration.
 
At present, the best facsimile cameras have an angular
 
resolution element of 0.03', or 0.5 mrad. The inaccuracy in
 
pointing the camera will result in an ambiguity of both x and y
 
(tangential and radial in-plane) coordinates, and the range com­
putations. Figure IV-35 indicates the resulting errors in x, y,
 
and R due to an ambiguity of 0.5 mrad in angular positioning.
 
Using a 10-m stereo baseline, then, the accuracies are approxi­
mately 7 cm. Assuming that the encoding will be done-in several
 
grey levels, it is the intention to ap-ly computerized correla­
tion techniqes to improve the accuracy by a factor of 10, to
 
7 mm. From Figure IV-35, we may note that the accuracy does not
 
improve rapidly beyond a 10-m baseline. (The effective stereo
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baseline-to-range ratio does not exceed 1:7 outside of the 5-m
 
radius circumferential.) This configuration was indicated in
 
Figure IV-32, where the first camera is deployed just below the
 
antenna feed, 22 m from the vertex, and the second 12 m from the
 
vertex to provide the 10-m baseline.
 
The accuracy obtainable with the system assumes a per­
fectly stationary antenna mast; however, the LOFT structure cannot
 
be considered as such and a correction factor will have to be ap­
plied to the camera data to account for a changing camera position.
 
A proposed method for monitoring the motions of the mast at both
 
facsimile camera positions is discussed in Section IV.A under
 
lasers. These data, as well as the facsimile camera data, will
 
be ground processed to provide the actual contour data.
 
4) Target Implementation - An operational problem to be
 
considered, and to a certain degree, influencing the operation
 
and specification of the facsimile camera system is the choice of
 
targets. If flat targets are used, the visibility of the target
 
will decrease as the lower facsimile camera is moved toward the
 
antenna vertex. This means an apparent smaller cross-sectional
 
area, and a decrease in the returned signal. An ideal target to
 
develop for this application would be a small inflatable spherical
 
target. The reasons for this selection are the following: the
 
cross-sectional area would be uniform from any viewing angle;
 
extreme lightweight resulting in minimum disturbances to the net;
 
and small packaging volume, allowing for relatively simple inser­
tion into the net when stowed.
 
If small targets are developed as indicated above,
 
it would then be more feasible to mount the lower camera at or
 
nearer the verte) of the paraboloid, if serious problems are pre­
sented by a complicated deployment scheme for the facsimile camera
 
midway inside the mast.
 
If flat targets must be used; then the positioning of
 
the lower camera is determined by the requirement that it be as
 
far from the vertex as possible, yet far-enough from the first
 
camera to provide an adequate baseline. Thus, both cameras would
 
be looking at the target array in as close to normal incidence as
 
possible within the constraint imposed by the required baseline
 
for stereo operation.
 
The target size will be 5 resolution elements in diam­
eter, to provide an unambiguous return signal and to allow for
 
the meaningful application of data correlation techniques to pro­
vide the required accuracy. Since the camera's resolution element
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is 0.030, the target diameter at a distance of 28 m will be 70 mm.
 
The targets should have a white, diffusely reflecting surface so
 
that the reflectance will be uniform in spite of the changing
 
sighting angles.
 
The minimum acceptable target array is indicated in
 
Figure IV-5. The targets are arranged in a regular fashion, i.e.,
 
in six concentric arrays. The positioning of the targets could
 
be done in a coded helical pattern to avoid possible ambiguities
 
with respect to a 0* reference, should the cameras get out of syn­
chronization. However, if the cameras were to lose the pattern
 
sync, the amount of data that could be obtained would drop by sev­
eral orders of magnitude, and for contour measurements would be of
 
little value.
 
Illumination of the targets presents a problem when
 
data is required during eclipse, since the facsimile camera does
 
not provide its own light.
 
5) Signal/Noise Consideration - The signal-to-noise
 
ratio for a facsimile camera may be computed approximately by
 
using a formula for noise equivalent radiance (NER) given by
 
(Afn) [NEPI EFF 
NER = 
8A 
0 
where
 
Afn = noise bandwidth,
 
NEP = noise equivalent power of the detector,
 
AO = area of the lens, 
6 = angular field of view (in this case the size of
 
resolution element).
 
Values for these quantities are:
 
Afn = 106 Hz,
 
- 14 W,
N P = 5 x 10

- 4 2AO = 0.785 x 10 m (1-cm-diameter lens), 
-
o = 045 x 10 6 sterpdian. 
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Inserting these values into the preceding equation yields for
 
the detector
 
W 
2
NER = 2.55 steradian
 
Now, to compute the brightness of a target, we recall that the
 
targets are several resolution elements in diameter, are diffuse
 
white reflectors (q = 0.8) and sun illuminated. We also con­
servatively estimate a total integrated spectral power of 750 -­
incident on the targets. 
Then the target brightness is
 
W 0.8 = 190 	 z W
 
2
0 m I m steradian 
where the factor of r is introduced for a diffuse lambertian re­
flector.
 
The signal-to-noise ratio is then the ratio of
 
BT = NER
 
or 
S BT 190 W/m2 . steradian 
N NER 2.55 W/m 2 . steradian 
= 75 
Thus, we see that the signal-to-noise ratio is sufficiently high
 
for reliable operation, even when using relatively conservative
 
worst-case values in the above equations.
 
Although it is highly improbable, the possibility does exist
 
of detecting false alarms because of specular reflections from
 
the net, particularly if portions of the net are broken.
 
These may be accounted for as indicated in Figure IV-36. Be­
cause the encoding will be in several grey levels, a diffuse re­
flector would have a characteristic pattern as schematically in­
dicated in the upper drawing, where the numbers correspond to
 
grey levels. A specular glint will also have a unique pattern,
 
as indicated in the lower part of the figure, and consist pri­
marily of very high light level. It is possible to build into 
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3 
the on-board computer a capability to recognize only the charac­
teristic pattern and intensity distributions resulting from the
 
large diffuse targets.
 
Glare and scattering will not present a problem for the fac­
simile cameras, primarily because of the amount of baffling and
 
the size of the resolution element. The viewing'port through
 
which the scanning mirror looks will be only large enough to
 
allow for the maximum 570 and minimum 12' viewing angles. The
 
only problems encountered will be when the camera looks directly
 
at the sun; when this occurs, the detector would be shut off if
 
necessary, although the detectors are little affected by high
 
light levels. The greatest risk of damage is from high thermal
 
loads imposed on the detectors; at the scanning speeds considered
 
here, even though the camera passes through the sun, the dwell
 
time is such that no appreciable heat load would be introduced
 
onto the detector. If the camera is situated in an orieqtation,
 
with a portion of the net lying on the camera-sun line, then in­
formation about those targets within 3.5' of the sun's center will
 
have to be foregone. Using the target configuration of Figure
 
TV-5, this would mean one target blocked out at a time. However,
 
this circumstance would not represent an optimum orientation for
 
contogr measurements. In general, the optimum orientation will

of the sun,
be with the antenna pointing within 90' 

6) Applicability to the 1500 M LOFT Structure - The 
carryover of the facsimile camera hardware would be straightfor­
ward and would result in more reliable and accurate data. The
 
prime reason for this is the scale factor of 30 reflected in the
 
speed and data requirements. Because of the lower vibrational
 
frequencies in the 1500 M LOFT, only one contour measurement
 
would be required per 6 sec. instead of requiring 3600 rpm, a
 
rotational speed of only 120 rpm would be required. Because of
 
the slower rotational speed, the index from one annular area down
 
to another could be accomplished between targeted radials (within
 
60' in azimuthal rotation), which would further reduce the speed
 
requirements by .a factor of 2 down to 60 rpm. For a system such
 
as this, the reliability would be greater than the cameras used
 
for the 50 M LOFT because of the slower mechanical motions re­
quired to do the job.
 
The only major modification required for the applica­
tion to the 150 M LOFT would be the inclusion of targets, scaled
 
by a factor of thirty, from 70 mm to 2.1 m.
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b. Facsimile Camera as a Television Camera - Although facsim­
ile camera is not applicable as a contour measuring system, the
 
above discussion and computations do indicate that the device
 
could be implemented on the LOFT as a camera to monitor the de­
ployment of the reflector net from the toroid, and to accurately
 
measure the trail angle of the deployed LOFT net.
 
Additionally, the facsimile camera could provide a measure
 
of the azimuthal angle to appropriate targets which are used for
 
another system, e.g., the laser ranging system.
 
4. Laser System for LOFT Measurements
 
a. Laser systems, both pulsed and cw (continuous wave) type,
 
have been used as ranging and tracking systems for several years.
 
Their small envelope size and weight, ease of handling, and the
 
accuracy obtainable with such units have made them valuable tools
 
for such diverse uses as engineering survey work and terrain pro­
filing from aircraft. These same merits recommend such systems
 
for the surface contour measurement of large paraboloidal anten­
nas. The method which is best suited for the LOFT measurement
 
consists of establishing a fixed measurement point near the an­
tenna focus and determining the range and direction to various
 
target points on the paraboloidal surface. The measurement of
 
the range R, and the two pointing angles 6 and 4, indicated in
 
Figure IV-37, will completely determine the position of a target.
 
Implementation of a laser system, either pulsed or cw, for the
 
LOFT contour measurement task would be accomplished in the fol­
lowing way. From the mounting position, either at the antenna
 
focus or near the vertex, the laser beam would be deflected by
 
a rotating mirror onto a second set of mirrors, each mirror
 
'aiming" the beam at one of the 36 selected target areas. 
 The
 
slightly diverged laser beam uould then illuminate the target,
 
with some of the radiation being reflected along the same path.
 
A beam splitter mounted in front of the laser would allow a por­
tion of the reflected light to entertthe receiving or collecting
 
optics located adjacent to the laser. The actual target distance
 
measurement is then performed. The returned light is collected
 
and focussed onto a photosensitive surface, usually the photo­
cathode of a photomultiplier tube, where the modulated (for a
 
cw laser system) or a pulsed (for a pulse laser system) signal
 
is electronically processed to provide a measure of the range
 
to the target. A cw laser system uses a phase comparison tech­
nique; the phase of the modulated returned signal is compared
 
with the phase of the signal sent. By determining the phase dif­
ference, the distance to the reflector (target) may be determined.
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For a pulsed system, the time of flight of a pulse, or series of
 
pulses, is measured using a gated timing circuit, and the range
 
determined in this manner. The angle that the beam makes with some
 
reference axis, for example the antenna mast, to the target, would
 
be determined by the pointing direction of the deflecting mirrors.
 
If a secondary ring of mirrors were used, the known pointing direc­
tion of each mirror, in conjunction with a shaft encoder readout
 
of the azimuthal rotating mirror would provide a measure of the
 
laser-beam aiming angle. A possible configuration for a feed­
mounted laser system is indicated in Figure IV-38.
 
1) Pulsed Laser Systems - Pulsed laser systems are partic­
ularly useful at long ranges, because they can achieve a high 
signal-to-noise ratio due to the high peak power output and ade­
quate discrimination capability, both spectral and timewise. The 
ultimate accuracy depends on how well the time interval can be
 
measured between the radiated and returned signal pulse. If such
 
a ranging unit were mounted at the feed of the LOFT antenna, the
 
laser pulse would travel a mean average distance of'about 55 m,
 
and the time of flight would be approximately 200 nsec. To measure
 
the distance to + 6 mm, a time resolution of +0.02 nsec would be
 
required. In practice, it is difficult to build timing circuitry
 
that has a jitter time less than +1.0 nsec. Thus, at best, a pulsed
 
system could have a range accuracy of + 300 mm.
 
Target acquisition is also a severe problem for a
 
pulsed laser system. These devices usually presume a sighting
 
direction, or pointing angle, before pulsing. If the laser point­
ing direction is off by only 10, the target to be ranged could be
 
missed, unless a very large beam divergence were employed.
 
A possible way to overcome this problem would be to
 
use a high repetition rate to sequentially locate, track, and
 
range to the targets within several pulses. However, the time re­
quired for ranging all 36 targets over the LOFT surfa6e would in­
crease substantially, with no inherent increase in the accuracy
 
of the range measurement itself.
 
Another possible method is the use of a GaAs alignment
 
laser in a pulsed mode. The operation the GaAs laser would scan
 
a series of targets of known size, and count the number of returned
 
pulses as the beam is scanned across each target. This count, in
 
conjunction with a shaft encoder readout, could be used to deter­
mine the center of each target in terms of azimuth angle. This
 
would not, however, yield a range measurement. The latter could
 
be obtained only by the addition of a beam splitter to provide
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Figure IV-38 Configuration for Feed-Mounted Laser System
 
two angular readouts to facilitate a range determination. The im­
plementation of a beam splitter arrangement slaved to another mir­
ror would prove to be a formidable problem. For reliable operation,
 
it would be desirable to count 10 pulses/target, and since the re­
petition rate of available devices is 103 pps, it would mean that
 
10 msec would he required to each target. This would require a
 
scan time of approximately 50 sec for each map, a time much too
 
long for the 50 M LOFT.
 
Thus, pulsed laser systems are particularly unsuited
 
for the LOFT profiling task.
 
2) CW Laser Systems for Ranging - A laser system more
 
suited to measuring the contour of the radio telescope is a modu­
lated cw gas laser. The modulated cw gas laser characteristically
 
uses low beam divergence to optimum advantage in that a very high
 
return signal is possible by illuminating a relatively small area.
 
However, other considerations, as will be shown, preclude the use
 
of the extremely low-beam divergence; rather, advantage is taken
 
of the increased amount of light, compared to other sources, and
 
the signal-to-noise ratio obtainable with the device. These sys­
tems have amply demonstrated their accuracy capabilities and ver­
satility for such diverse applications as ocean wave height analy­
sis, terrain profiling, geodetic distance measurements, structural
 
deformation measurements, and noncontacting shape measurements of
 
large objects. ;The measurement range of existing systems extends
 
from less than 1 m to 80 km.
 
CQnventionally, these systems use an external modulator,
 
such as a Pockels cell, to modulate the laser beam, and the range!
 
determination is carried out by a phase comparison measurement per­
formed on the returned signal. Unambiguous measurement is attained
 
by using several frequencies of modulation -- each frequency allow­
ing a readout for the appropriate range digit involved -- units,
 
tens, hundreds, etc. However, only one modulation frequency would
 
be necessary for the present task, say 50 MHz, because the ranging
 
distances have a variation of approximately only 5 m. The accura­
cies obtainable with systems commercially available are +1.0 mm
 
or 1 part in 106, whichever is'greater. At a mean range of 28 m,

for a unit placed at the feed, this would mean that the accuracy
 
of +1.0 mm would apply, allowing necessary integration time. A
 
particular advantage of a cw laser system includes the recent de­
vOLupment of a lie-Ne plasma tube that would be able to withstand 
the vacuum conditions normal to a space environment. Other advan­
tages include the availability of many component parts already 
space qualified (such as circuits, motors); the system woul.d 
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provide its own light source, enabling data to be gathered when
 
the spacecraft is in eclipse; rapid measurement; convenient pre­
sentation of data; ability to provide information about mast bend­
ing; and minimum feed blockage for the LOFT antenna. In addition,
 
such a unit could be fairly light (approximately 13.5) and require
 
a reasonable small amount of spacecraft power (approximately 35
 
VA).
 
3) Laser Used for Mast Bending Measurement - The measure­
ment of deflections of the mast are necessary to determine the dy­
namics of the mast itself, and to provide an accurate correction
 
factor for the range and position measurements. A convenient meth­
od to measure mast deflections is to use a laser mounted at one
 
end of the mast, preferably at the focus, and illuminating a diode
 
array near the vertex. The method is indicated schematically in
 
Figure IV-39. An output from the opposite end of a ranging laser
 
could very conveniently be used to illuminate the diode array.
 
By monitoring the output of the detector array, it
 
would be possible to measure the location of the laser beam center
 
(or direction) and hence the mast deflection. The detectors would
 
be located near the antenna vertex, where a large stable platform
 
is available for the mounting and shielding of the units, and where
 
the temperature control of the detector elements could be carefully
 
maintained. Light shielding could be easily accomplished by the
 
use of* light baffling tubes, in conjunction with a narrow band
 
spectral filter. The light baffling tubes would have a minimum
 
acceptance angle of 2.5' to accomodate the maximum expected mast
 
bending. Should the detectors be pointed to within 50 of the sun,
 
they would be swamped by the sun's radiation. No mast deflection
 
data would be available under this orientation condition.
 
The advantages of using a laser for this purpose are
 
the following: spectral brightness, well-defined transverse in­
tensity pattern in the lowest order Gaussian mode, simplicity of
 
operation, and very little extra weight. By the proper design of
 
the laser output mirror, no external optics would be required to
 
obtain any necessary beam divergence to cover a detector array
 
area adequately.
 
b. Laser Profiling System.
 
1) Placement of the Contour Measuring Package - The op­
timum position for placement of the laser system is near the focus
 
of the LOFT antenna. This position has the advantage that all
 
targets are within 5 m of the same range, and all targets are
 
closest to normal viewing incidence. From this position, there
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Figure IV-39 Mast Deflection Measuring System
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would be no cross-talk between targets due to the beamwidths used;
 
interference in the form of specular reflections from the net would
 
be minimal; and, if the flat targets are used, the cross sectional
 
area would remain relatively invariant. From this position, the
 
range measurement will have the greatest meaning, since the maximum
 
expected motion is parallel to the antenna axis, (approximately in
 
and out of the plane of the parabolic surface). If the laser were
 
ranging from the vertex, measurement would be normal to the maxi­
mum expected motion, yielding very little information. In fact,
 
the accuracy in measuring the position of the target decreases by
 
the factor 1/cos ', as indicated in Figure IV-40. The prime dis­
advantage of placing the laser system at the feed is the effect
 
on the stability of the LOFT spacecraft. However, to maintain a
 
reasonably viable: package unity, it is felt that the feed position
 
represents the optimum position.
 
The only other place to consider mounting the unit,
 
is near the deployment canister. This position would have the
 
additional disadvantages of range ambiguity and target-net cross­
talk. There would probably be little or no distinction between
 
the discrete targets and the net itself; in fact, macroscopically,
 
the net would probably show a return throughout the illumination
 
beam diameter.
 
2) Accuracy and Factors Influencing It - In principle,
 
most laser systems use external modulation of the laser beam
 
(amplitude modulation) with a solid-state crystal, such as a
 
Pockels cell. The range measurement is performed by a phase
 
comparison technique; the phase of the reflected signal is com­
pared with that of the transmitted signal. By averaging the
 
phase measurement over a suitable period (the integration time),
 
the range is determined. Current state-of-the-art minimum inte­
gration time is 1 msec for such systems. With this dwell time,
 
the accuracy obtainable is approximately +12 mm. As the integra­
tion time is increased to several milliseconds, the accuracy will
 
improve to +1 mm. In a very real sense, then, the ultimate accur­
acy of a contour measuring system of this type will be determined
 
by the' time available for each measurement, or, in other words,
 
the speed at which the system must operate. If only one milli-sec­
ond is available for ranging, then an inaccuracy of +12 mm will
 
result. The basic problem, then, isithat of accomodating the rang­
ing system by providing a sufficient dwell time, during which to
 
range to the targets.
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Figure IV-40 Effect on Ranging as Measurement Point Moves Along the Mast
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The basic method of scanning will be to sweep the laser
 
beam, sufficiently diverged, in multiple circular scans over the
 
LOFT net surface. The minimum target arrangement,- indicated in
 
Figure IV-5, consists of 36 targets arranged in six circumferential
 
rings, six targets to a ring. The scan pattern would then consist
 
of a sweep over each circumferential in a sequential manner, begin­
ning, for example, with the outermost ring and ranging the targets
 
in each ring until the innermost circumferential ring was swept
 
over by the laser beam. The beam would then be indexed back to
 
the outermost ring, and the process would be repeated.
 
In addition to the actual range measurement, provision
 
must also be made to correct for the amount of mast flexure, as
 
well as provide a measure (or readout) of the two sighting angles,
 
o and tPto each target when it is ranged. 
Because of the placement of the ranging package at the
 
feed, the angular width of the targeted rings assuming a perfect
 
net surface, would be 2.50, or 44 mrad to accomodate the +1 0
 
bending of the mast. This is shown in Figure IV-41. Thus for a
 
noncorrected system, the required minimum laser beam divergence
 
would be 44 mrad. However, mast bending is the result of two ef­
fects, a permanent bend associated with manufacturing tolerances,
 
and a dynamic motion of the mast when considered as a vibrating
 
column. By the use of a pair of counter-rotating optical wedges
 
in the laser beam path, which would be servo controlled by mast
 
deflection monitoring equipment, the pointing angle of-the laser
 
beam could be changed to compensate for the permanent bend in the
 
deployed mast. It may also be possible to continuously feed in a
 
correction signal to the optical wedges to compensate for the dy­
namic reflection of the mast structure, However feasible this may
 
be,'this study will consider as baseline configuration compensating
 
for only the permanent bend of the mast. If this is done, the
 
beamwidth will not need to be 44 mrad, but only wide enough to
 
accomodate a +1 0 dynamic deflection, or approximately 12.5 mrad.
 
Thus, initially, the beam divergence will have a minimum value of
 
12.5 mrad.
 
3) Requirements to Achieve Mapping Rate - One of the most
 
important factors affecting the speed of operation of the ranging
 
system is the number of targets placed on the LOFT net and their
 
arrangement. The baseline configuration that is assumed for the
 
profiling task consists of an array of 36 targets, arranged on
 
six radials, six targets to a radial. The most economical way to
 
scan this array, would be to perform a circular scan at one con­
stant elevation angle, ranging to, say, the six outermost targets.
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2.50 Total Deflection
 
Figure IV-41 	Effect of Mast Deflection on Apparent Angular Position of Targets
 
Assuming no Net Motion
 
The elevation angle at which the laser beam is pointing would then 
be changed to another (smaller) value, and the next ring of targets
 
scanned. In this way, the six circumferential rings could be scan­
ned with six revolutions of the laser beam.
 
There are two methods of scanning the beam over the
 
antenna surface: a double gimbal mounted mirror, and a single mir­
ror rotating in azimuth with a surrounding ring of secondary mir­
rors, each permanently aimed at one particular target location.
 
The first method has as an advantage the possibility of obtaining
 
elevation angle measurements, although, for a mapping goal of 5
 
maps/sec, the probability of being able to accomplish this is min­
imal. A problem for a double gimballed mirror is the required
 
speed of operation. A single mirror would have to sweep the beam
 
over the net surface a minimum of six times for each contour map.
 
This is assuming that the index in elevation angle could be accom­
plished between radials, which would correspond to a reaction time
 
of approximately 5 msec. At the required mapping speed of 5/sec,
 
the minimum rotational speed of the azimuthal drive motor would
 
have to be 1800 rpm. Although this speed, with a l-mrad shaft
 
angle measurement accuracy, is within current state of the art,
 
the complicated motion (high azimuthal rotation combined with a
 
fast response elevation angle indexing) is not compatible with
 
the space borne application being considered here.
 
The more preferable method would be the second one men­
tioned above. This method would not allow an accurate elevation
 
angle measurement, but would be much simpler mechanically, a very
 
important consideration in space applications. In addition to
 
fewer mechanical motions, the speed of operation of the rotating
 
mirror would be reduced by a factor of 6, which implies that a
 
more accurate shaft encoder could be used for a more precise azi­
muth angle determination. The only shortcoming of such an optical
 
arrangement is the possible higher weight penalty to pay for the
 
use of 36 redirecting mirrors and the support structure. The
 
size (and hence mass) of the mirrors is determined by the beam
 
divergence, and the distance of the mirror from the diverged beam;
 
the greater the separation distance, the greater mass of glass re­
qured. However, for the divergences considered here, the size­
distance relation will not present any serious problems.
 
.Thus, for a lasersystem mounted near the feed of the
 
LOFT, the method to use for sweeping the ranging beam over the
 
net surface would consist of a single mirror rotating in azimuth,
 
and an array of secondary mirrors place circularly around the ro­
tating mirror, each mirror imaging a single target location to
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the ranging system. This is shown in Figure IV-38. The construc­
tion of such a ring of mirrors and the necessary support structure
 
would be of nonconducting, dielectric materials, such that there
 
would be no feed blockage when the LOFT is used as a radio teles­
cope. The thermal loadingsand distortions which may occur in
 
such an array of mirrors and support structure will not seriously
 
affect the optical performance of the entire system. For example,
 
a misalignment of 1/10 mrad in the laser pointing direction due
 
to a thermally induced warp to one of the mirrors would require
 
a temperathre gradient of 03OC across the diameter of a 50 mm
 
diameter by 12 mm thick quartz mirror.
 
To meet the design goal of ±6 mm, a Pockels cell,
 
or externally modulated system, requires a minimum of 2 msec dwell
 
time. This is a representative state-of-the-art integration time
 
required for such systems. A practical method of achieving this
 
required dwell time is to combine an appropriate azimuthal scan
 
rate that will satisfy the mapping requirements with a beam diver­
gence large enough to ensure that each target would be illuminated
 
for the entire 2 msec period required. Table IV-8 summarizes cal­
culations made to demonstrate the requirements to obtain this- re­
solution. (The beam divergences indicated are all sufficient to
 
provide a minimum return of 10- 14W, which represents a nominal
 
working intensity for commercially available units. The beam could
 
be expanded to 200 mrad, if necessary, and still yield sufficient
 
return from 25 mm targets located a distance of 28 m away, under
 
ideal conditions). By using a beam divergence of 63 mrad to
 
achieve the 5 map/sec goal, it would be difficult to obtain a
 
radial'in-plane position measurement (Accurate determination of
 
the elevation angle, 4). One possible way to obtain a measure of
 
this position would be to reduce the mapping speed requirement
 
sufficiently to allow multiple scans per circumferential using
 
the system under discussion, or use a system that would lock onto
 
each target, measure range,'And read out the two pointing angles.
 
However, this latter system would be at least an order of magnitude
 
slower than the system using the secondary ring of mirrors.
 
If the ranging accuracy requirement is reduced to +12
 
mm, the integration time required for a measurement would be re­
duced to 1 millisecond, and values for the necessary beam diver­
gences as a function of mapping rate are shown in Table IV-9,
 
once again for two cases, the 6 targets/radial, and a 4 target/
 
radial configuration. It is seen that these mapping rates would
 
be relatively easy to obtain, and would provide a greater SIN ratio
 
ratio due to the corresponding decrease in the beam divergence.
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Table IV-8 Beam Divergence for 2 msec Dwell (+6 mm Range Accuracy)
 
6 Targets/Radial 4 Targets/Radial
 
Maps/ 
Sec 
5 
2 
Beam Divergence 
(mrad) 
63 
25 
Beam Spread 
(m) 
1.8 
0.7 
Scans/ 
Annuli 
1 
1 
Maps/ 
Sec 
5 
2 
Beam Divergence 
(mrad) 
42 
17 
Beam Spread 
(m) 
1.2 
0.48 
Scans/ 
Annuli 
1 
1 
-1/2 12.5 0.35 1 1/2 8 0.22 2 
H 
0 
Table IV-9 Beam Divergence for 1 msec Dwell (+12 mm Range Accuracy) 
Maps/ 
Sec 
5 
6 Targets/Radial 
Beam Divergence Beam Spread 
(mrad) (m) 
31.4 0.88 
Scans/ 
Annuli 
1 
Maps/ 
Sec 
5 
4 Targets/Radial 
Beam Divergence Beam Spread 
(mrad) (m) 
20,8 0.58 
Scans/ 
Annuli 
1 
2 
1/2 
12.5 
6.3 
0.35 
0.18 
1 
2 
2 
1/2 
8,3 
4.2 
0.23 
0.12 
1 
2 
The tangential in-plane position would be determined
 
by the use of a gated timing circuit and simple onboard computer.
 
The circuit would be gated on with the initial target acquisition,
 
and off when the target disappeared from the field of view. This
 
measured time interval would then be.used along with the azimuthal
 
shaft encoder readout to determine the target position to within
 
14 mm, if a 14-bit shaft encoder were used. The latter represents
 
an angular readout accuracy of 0.5 mrad.
 
Another method of modulating the laser beam would be
 
by mode locking the He-Ne laser unit by utilizing a neon filled
 
absorption tube in the laser cavity. In this way, a modulation
 
frequency of 200 MHz could be obtained and the time required for
 
the detection and phase measurement could reduce the required dwell
 
"time to less than 0.5 msec.
 
Although the mode locked method has not been developed
 
as has the external Pockels cell-type modulators, the reduction
 
of the dwell time, smaller beam divergence, and resulting slower
 
azimuthal scan motor speed could make such a system the more de­
sirable of the two types of modulation schemes.
 
It has been implied in previous discussions that the
 
ranging measurement must be done while the laser beam is being
 
swept over the target, which means that the image of the target
 
would be swept through the field of view of the receiving optics.
 
The rationale for this is that in order to meet the speed require­
ment, there is not time available to "lock on" to each individu4l
 
target, perform the range measurement, and move on to the next
 
target, in & search, acquire, and range-type mode.
 
4) Target Requirements - The preferred target to use with
 
the cw gas laser ranging system, particularly in light of the di­
vergence requirement, is a corner cube retroreflector, The wide
 
acceptance angle coupled with the maximum reflectance make it
 
ideally suited for laser ranging systems. However, the nature of
 
the net surface renders such a choice practially unworkable as
 
far as any commonly available corner cubes are concerned. There
 
is, however, a possibility of manufacturing micro-corner cubes,
 
having an edge dimension smaller than 1 mm. An array of several
 
hundred of these could be fabricated into a small flexible patch
 
to be placed on the net surface, with a mass on the order of a
 
gram. The corner array patches would have to be attached to prop­
erly. located junctions of the LOFT structural net, and rolled onto
 
the toroid with the.reflector. The manner in which the reflector
 
net and support structure are placed on the toroid mechanism may
 
be entirely foreign to the inclusion of.25 mm diameter discs of
 
micro corner cubes.
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A more suitable reflector would be small spherical in­
flatable targets on the order of 25 to 50 mm diameter. This type
 
of target could be very easily integrated into the stored reflector
 
net and deployment would be very simple. The target would provide
 
a large enough cross sectional area to provide a return for a view­
ing device located either at the feed, or at the vertex of the an­
tenna, and would likewise remain visible in a failure mode config­
uration because of its spherical shape. The target, even with a
 
white diffusing surface would provide a sufficient amount of re­
turn for a laser system, as is noted below under signal-to-noise
 
considerations, and would provide an optimum surface for a fac­
simile camera target, although the size would be increased to ap­
proximately 70 mm diameter. If we assume an inflatable sphere con­
structed of 0.5 mil mylar, the total mass of such a reflector
 
would be as low as 0.04 gm for a 25 mm sphere, to 0.6 gm for a
 
70 mm sphere. From the implementation standpoint, the state-pf­
the-art of manufacture of this type of device is sufficiently well
 
advanced to indicate that such an approach is feasible, and would
 
not require an extensive development program.
 
5) Signal-to-Noise Considerations - The basic laser rang­
ing device under consideration for application to the LOFT contour
 
measurement will be designed to operate under daylight conditions.
 
Even though the beam divergence is substantially greater than the
 
diffraction limit, the amount of power reflected back to the re­
ceiving unit would be sufficient for reliable operation. If we
 
assume a 1 mw laser, 75 mrad beam divergence (worst-case condi­
tion), 25-mm-diameter diffusely reflecting spherical targets.(re­
flective 0.8), ranging distance of 28 m, and 50 mm diameter re­
ceiver, the collected power Pc, is given by:
 
2 
4Pt 7d2d 2 
= 
ce =O-­ t nx-_4-x--fT x r , 
where 
n= reflection coefficient, 
P = laser power transmitted, 
0 = beam divergence, 
R = range measurement, 
dt , dr = diameter target, receiver.
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Upon evaluation this gives
 
P = 
9.0 x 10-14 W.
 
C 
If we next assume a corner cube reflector and 12.5 mrad beam diver­
gency, the collected power, PC, improves substantially to
 
-
5.1 x 10 6 W, because there is not a 1/H 2 fall off. The character­
istic return necessary for ranging measurements is of the order of 
-
10 1" W; thus, the laser system will have sufficient return for
 
reliable ranging operation, even under the worst case assumption
 
above.
 
The ranging is dependent only on the laser beam modu­
lation, not on a dc component of laser return. At the modulation
 
frequencies involved, the sun may be considered to be a dc source.
 
Short of pointing directly at the sun so that the detector is com­
pletely saturated with dc, the noise contributed by the sun may be
 
neglected as far as the operation of the ranging unit is concerned.
 
A 5 i'wide filter centered at the laser wavelength would be used
 
in the receiving optics to greatly attentuate the dc sun level.
 
The only constraint for operating the laser device in
 
the presence of the sun is that of pointing close to, or at, the
 
sun, such that the photomultiplier tube is completely saturated.
 
In this case, the range to on4 of the 36 targets would not be meas­
ured.
 
6) Application to the 1500 M LOFT - Laser ranging devices
 
commercially available, are capable of measuring range to over
 
75 km in a clear atmosphere, to accuracies of better than one part
 
in 105. At a scaled range of 840 meters for the 1500 M LOFT, this
 
would mean that the accuracy would still be within the scaled accu­
racy reqlirement of 18 cm. This accuracy capability, with an in­
crease in target size, slight increase in laser weight and power
 
requirements, and with a slower scan requirement, makes the laser
 
ranging method well suited for the 1500'm contour measurement.
 
Unless the optical wedge subsystem is able to correct for both sta­
tic and dynamic mast motions, a beam-width of 25 mrad will still
 
be required. However, because of the greater load capacity of the
 
1500-m antenna mast, it may be entirely feasible to use narrower
 
beamwidths and perform multiple scans per targeted circumferential
 
by using a double gimballed mirror and p multifaceted secondary
 
mirror system. With this type of system, the range and tangential
 
in-plane position would be measured, as well as the radial in-plane
 
position. The accuracies-of these two latter numbers would improve
 
as the mapping speed requirement is relaxed, resulting in the
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possible use of narrower beamwidths and more scans per annulus.
 
While the slower speed requirements and resultant narrower usable
 
beamwidths greatly facilitate the contour measurements, the greater
 
ranging distance nullifies any gain from using the narrow beam­
widths. To meet the 10-14W return level would require either a
 
higher power laser, or the use of larger targets. To use the same
 
size target, the power requirement for the laser would go up to
 
40 mW. Alternatively, holding the ranging system identical would
 
necessitate targets 2.1 m in diameter. This tradeoff is shown in
 
Figure IV-42 as a function of second/map, and is indicated for
 
either the 1 mW laser or a more powerful 40 mW laser ranging sys­
tem. In the simplest application of the 50-m laser ranging system
 
to the 1500 M LOFT, the only change necessary would be to use
 
larger targets. However, a greater amount of information could be
 
obtained by redesigning the system to allow for radial in-plane
 
measurement data on the 1500 M LOFT in the form of multiple scans
 
per targeted annulus.
 
7) Specification for a Laser Profiling System for LOFT -

A laser contour measuring system for the LOFT radio telescope is
 
an entirely feasible system within current technology. Although
 
some system components themselves do not exist as off-the-shelf,
 
fully space-qualified items (e.g., He-Ne plasma tubes) many of
 
them are currently in process of being developed and qualified.
 
The laser system proposed for use as the profiling
 
system will consist of the following equipment: a He-Ne laser
 
tube, having a minimum output power of 1 mW, an external modulator
 
of the Pockels cell type or, a neon absorption tube for mode lock­
ing, and the necessary power supplies and electronic circuitry
 
to operate these devices; receiving optics and photomultiplier
 
mounted in the system packagC to detect and perform the measurement
 
on the back-reflected laser power. This unit will be capable of
 
measuring the phase of-the returned signal as the image of the
 
illuminated target is swept over its surface. The system should
 
incorporate a set of counter-rotating prisms, or optical wedges
 
in the laser path to correct for the static part of the mast de­
flection, in order to keep the divergence requifed to a minimum.
 
The systems will include a diode detector array near the vertex
 
to monitor the position of the laser package, located at the feed,
 
to provide information to determine the nature of the mast deflec­
tions and also provide an input to the optiaal wedge correction
 
assembly. A scanning mirror assembly would be located at the out­
put end of the laser with a 50 mm diameter mirror capable of sweep­
ing the modulated laser beam 360 in azimuth onto the 36 individual
 
mirrors, placed in a ring around the main ranger package, each
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Figure IV-42 Target Size vs Speed of Mapping, 1500 K LOFT, for Two Laser System, I mW and 40 W
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mirror relaying the beam onto one of the 36 targets on the LOFT
 
net. The azimuth angle encoder should have an accuracy of at least
 
1 mrad (14 bit), and capable of continuous speed of operation of
 
300 rpm, to fulfill the design goal of 5 maps/sec. A small elec­
tronics package capable of providing a mean azimuth angle readout
 
of each target's position should be incorporated, as well as the
 
necessary interface electronics to provide an output data presenta­
tion compatible with the telemetry system.
 
The size of the laser package should not exceed 0.3 m
 
in diameter, and 0.6 m in length. The total mass of the system
 
is to be a minimum, and should not exceed 13.5 kg, including sec­
ondary mirrors. Required power consumption is estimated to be no
 
greater than 35 VA.
 
The design of a suitable ow gas laser ranging system
 
provided by the Perkin-Elmer Corporation is summarized in Appen­
dix A.
 
5. Alternative Optical Methods
 
Other methods of measuring the LOFT contour were investigated,
 
and are mentioned here for completeness. They included an array
 
of theodolites, and an image dissection camera technique.
 
A major advantage of the image dissection camera would be a
 
completely electronic scanning method, which would be highly de­
sirable for an orbital mission as this. However, this device was
 
eliminated because of the lack of a data acquisition capability
 
while in earth eclipse, a problem similar to that facing the fac­
simile camera. The only way to allow its use would be to implement
 
a suitable light source or flash lamp to provide the necessary
 
illumination level.
 
An array of small theodolites was considered, using two arrays
 
of 36 theodolites each, both sets of which continuously monitored
 
the 36 targeted areas of the LOFT surface. The image through each
 
theodolite set would be "piped" through a fiber optics bundle to
 
a common cathode-ray tube for readout. The image of the targets,
 
complete with superimposed measurement grid would then be read out
 
for each set of theodolites and ground processed to obtain the
 
position coordinates of each target. The mast motion could be
 
monitored from the position of each set of theodolites by several
 
theodolites viewing a target or small light-emitting diode po­
sitioned for reference near the deployment canister. The draw­
backs to using this method include net target illumination dur­
ing earth eclipse, system weight, and deployment feasibility.
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6. Selection of an Optical Profiling System for LOFT
 
Of the optical methods that are available to be used for meas­
uring the LOFT antenna, the most appropriate method is a He-Ne,
 
ew laser ranging system. The advantages of a laser system include
 
the following: Range accuracy of +6 mm is obtainable; the system
 
provides its own light source, does not require a preferential
 
orientation, and can operate and provide contour data-during
 
eclipse by the earth; operation in full sunlight will not present
 
a serious problem; the system can easily provide measurement of
 
the mast bending, and would provide little feed blockage for radio
 
astronomy work, and would be directly applicable, with few modifi­
cations, to the profiling task of the 1500 M LOFT. The primary dis­
advantages associated with this system are little or no radial in­
plane measuring capability, and system weight, which at approxi­
mately 13.5 kg would be relatively heavy. However, it is felt
 
that the advantages outweigh the disadvantages for the LOFT pro­
filing task.
 
The comparison of the several optical systems, their relative 
merits and shortcomings, are indicated in Table IV-10. 
Table VI-10 Tradeoffs for Primary Optical Methods
 
Photogrammetry Facsimile Camera Laser 
Weight 75 kg 3 kg 13.5 kg 
Power 25 VA 6 VA 35 VA 
Mapping Rate 5 sps Yes Not Easily Yes 
Accuracy, ±6mm Yes Yes Yes 
Eclipse Data No No Yes 
Angular Measurement Yes None Some 
Capability 
Modifications Needed Greater Stereo Baseline None None 
for 1500 M LOFT Poss. Multi. Cameras (Larger Targets) (Larger Targets 
Used. 
Effect on Spacecraft Severe None Yes, due to Mass 
Stability at Feed end of 
Mast 
Orientation Require- Severe Yes No 
ments 
Mast Deflection Correc- No Yes Yes 
tion Required 
Feed Blockage Seaere No No 
Additional Capability None Television camera 
for Deployment 
Mast Bending
Measurement 
Monitor 
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V. RADIATION PATTERN 
A. INTRODUCTION AND GENERAL DISCUSSION,
 
The 50-m-diameter LOFT paraboloidal reflector antenna is a 
1/30-scale model of the 1500-m-diameter low-frequency radio tele­
scope. The purpose of this 50-m model is to establish the feasi­
bility of the larger antenna ad to test design concepts. As 
part of the 50 M LOFT test plan, it is desirable to measure the 
antenna rf radiation pattern characteristics. The radiation pat­
tern measurements will be influenced by orbital altitude, orbital
 
inclination, spacecraft steering capability, measurement bit rate,
 
angular measurement resolution, and antenna structural rigidity.
 
1. Radiation Pattern Measurements
 
The following rf characteristics are sufficient to establish
 
the adequacy of LOFT as a parabolic reflector antenna:
 
1) Pattern characteristics - Halfpower beamwidth, posi­
tions and levels of sidelobes, and backlobe level;
 
2) Peak gain;
 
3) Polarization characteristics;
 
4) Boresight direction;
 
5) Antenna noise temperature.
 
The interrelationships among these design parameters are
 
shown in Figure-V-l. For a perfect paraboloid, the aperture di­
ameter and illumination are sufficient to specify the radiation
 
pattern over all space, and the efficiency and gain are maximum. 
For a real reflector, many sources of error are present, which
 
decrease the efficiency and gain and perturb the radiation pat­
tern. While total information is obtained if tile above measure­
ments are made at all frequencies, information sufficient to spe­
cify the primary characteristics may be obtained by performing 
measurements at selected frequencies corresponding to tile low 
and high frequencies, and several midfrequencies.
 
The standard spherical coordinate system used is shown in 
Figure V-2. The antenna aperture lies in the X-Y plane with the 
Z-axis as the antenna axis. Radiation patterns will be described 
in terms of the relative power as a function of ( , 0). Maximum 
gain, G0, occurs on the antenna axis, 6 = 0'. 
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Figure V-2 Antenna Coordinate System
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Measured radiation patterns are the most reliable means for 
evaluating a reflector antenna. While many types of radiation
 
pattern cuts are available for a highi-gain antenna such as a 
paraboloidal reflector, tile great circle cuts are the most useful. 
These are obtained by varying the 0 coordinate 360 while the 4 
coordinant is held constant. The greater number of + cuts, the 
more accurately the radiation pattern is defined.
 
Radiation patterns may also be employed to estimate various
 
structural characteristics of the LOFT. In general, only a qual­
itative es.timate may be obtained.
 
For example, if the reflector surface errors may be assumed
 
syimetrical about the axis, then dissimilarities in the halfpower 
beanwidti measured in different planes may be attributed to an 
elliptical shape of the aperture. Broadening of the main beam 
in excess of the calculated halfpower beamwidth may also be used 
to infer the magnitude of the rms surface error. However, these 
effects will be much more pronounced at 300 MHz than at the lower
 
end of the LOFT frequency band. Therefore, the acchrady of the 
magnitude of rms surface error inferred from such a measurement
 
would be extremely poor at 30 MHz and could not be used to obtain
 
a reliable estimate.
 
Sidelobe level is a quantity highly sensitive to the reflec­
tor surface error and refers to the amplitude of the largest
 
minor lobe relative to the peak amplitude of the main beam. In
 
theory, suppression of minor lobes to very low levels is possible
 
(-30 to -40 dB). In practice, antenna errors are significant and
 
the sidelobe level increases very rapidly with increasing reflec­
tor surface error.
 
Backlobe level refers to the magnitude of the minor lobes
 
180' removed from the main beam, at the back of the antenna. A 
low backlobe level is important for the suppression of extraneous
 
noise. The LOFT conductive mesh is not perfectly reflecting,
 
consequently radiation from the primary feed will leak directly
 
throught the mesh and contribute significantly to the backlobe 
level. To limit the effect, an upper frequency is specified.
 
This consideration is covered in the next.subsecition.
 
Use of two orthogonal linear polarizations will allow an es­
timate of the magnitude of electromagnetic scattering from the
 
LOFT structure and teed. With a circularly polarized feed, the
 
axial ratio could be determined as a function of (0,0).
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Measurement of the antenna boresight will reveal any squint 
of the LOFT main beam. Beam squint is attributed to the lateral 
displacement of the LOFT feed from the antenna axis. 
Peak LOFT gain is important because it reveals the overall
 
efficiency of the antenna. It is the most difficult measurement
 
to perform, since standard techniques cannot be employed. (Ref
 
V-1) This consideration is discussed in Subsection A.4. It may
 
be most practical to obtain an estimate of the LOFT gain by in­
tegrating the measured radiation pattern.
 
2. Reflector Mesh Characteristics
 
The conductive mesh to be used for the 50 M LOFT reflecting 
surface has been specified as 0.0063 mm by 0.254 cm Kapton, alu­
minized to 1000 X thickness on both sides. A 7.25x7.25-cm square 
grid has been selected to provide a 98% reflective surface at 100 
MHz. 
The reflectivity of the mesh was determined using a previous 
analysis (Ref V-2). This report presents the mesh reflectivity 
as a function of the width to spacing ratio, wis, and the wave­
length to spacing ratio X/s. For the specified mesh, w/s = 3.5 
x 10-2, the wavelength-to-spacing ratio varies from 243 at 17 MHz
 
to 10.6 at 400 MHz. The frequency range was extended beyond the
 
30 to 300 MHz range to include data outside this band for evalua­
tion purposes.
 
Results of the calculations are presented in Figure V-3. The
 
reflectivity percentage is shown as a function of frequency. The
 
mesh is essentially 100 percent reflective up to 50 MHz. The re­
flectivity then begins to drop with increasing frequency to about
 
95% at 150 MHz. The highest frequency of operation for the 50 M
 
LOFT should be no greater than 150 MHz since at higher frequencies,
 
the transmission loss through the mesh becomes prohibitively high.
 
3. LOFT Feed Characteristics
 
Evaluation of the LOFT feed characteristics is necessary to
 
determine the aperture illumination function and aperture block­
ing. Aperture blocking is discussed in Subsection A.4. The
 
illumination function depends on the primary feed pattern and the
 
reflector F/D ratio. For a feed of circular symmetry, the aper­
ture illumination, Al, is closely approximated by
 
AI = b + (1 - r2)n [V-I]
 
where b is the reflector edge illumination and r is the normalized
 
reflector radius. The value.of n is not necessarily an integer.
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(The "constraints" b and n are chosen to best match Eq [V-1] re­
suits with the actual illumination). The quantity b is primarily 
dependent on the space loss* from the center to the edge of the 
parabola which in turn depends on the F/D ratio. The illumina­
tion function is a superposition of the feed pattern and space 
loss. The quantities b and n are functions of the F/D ratio. 
The quantity b versus the reflector edge taper in decibels is 
given by Hansen (Ref V-3) 
The essential requirements on the LOFT primary feed are
 
broad bandwidth (10;1 for the 30- to 300-MHz band) and polariza­
tion diversity. Choice of feed is thereby limited to the rela­
tively few frequency-independent antennas. The most suitakle
 
candidates are:
 
1) Planar equiangular or archimedes spiral; 
2) Conical equiangular spiral; 
3) Crossed log-periodic tooth; 
4) Crossed log-periodic dipole; 
5) Contrawound multifilar helix. 
In a promising additional concept recently described by R. H.
 
DuHamel (Ref V-4), a portion of the front stays of the LOFT are
 
conductive and used as a guiding structure to illuminate the ap­
erture. The stays would be excited at the focus. Additional
 
work is required to provide polarization diversity.
 
All candidate feeds except the helix should provide frequency
 
independent reflector illuminations over the frequency band, The
 
helix beamwidth will change by a factor of three over the band.
 
a. Planar Spiral - Logarithmic or Archimedes - Planar loga­
rithmic and archimedes spirals shown in Figure V-4 have similar 
electrical characteristics. The structure radiates a circularly 
symmetric lobe on each side of the spiral plane with axes of both
 
lobes coincident with the spiral axis. A backing cavity on one
 
side of the spiral reflects energy to the opposite side and re­
sults in a unidirectional pattern. Power losse in the cavity
 
result in a variation of antenna gain wfth frequency. Broadband
 
planar spiral feeds (Ref V-5) with 10:1 bandwidths are possible.
 
*4 versus F/D ratio and space loss versus 1,may be found in 
the Microwave Engineers Technical and Buy~rs Guide, published 
annually-by the staff of the Microwave Journal, Horizon House. 
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Both circular, as well as linear polarizations, are possible with
 
a single spiral depending on the manner of excitaLion. Spiral
 
winding sense determines the sense of circular polarization. A
 
tight winding results in improved pattern symmetry and circular
 
polarization. The beamwidth is about 70* and the backlobe level
 
is about 20 dB.
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(b) Equiangular Spiral Antenna 
(a) Archimedes Spiral 
Legend: 
r 1 
r 
= 
= 
Inside Cutoff Radius 
Outside Cutoff Radius 
Figure V-4 Planar Spiral Antennas 
X 
z 
2 
Ito-back 
-­ y 
b. Conical Spiral - The 
conical spiral (Fig. V-5, Ref 
V-6) with a small cone angle, 
has a unidirectional rotation­
ally symmetric radiation pat­
tern with maximum radiation 
from the apex end along the an­
tenna axis. Bandwidths of 
20:1 are possible. Good front­
ratios result with the 
cone angle 20 ° limited to <45' 
. 
H 
Pattern beamwidth is inversely
proportional to spiral angle a. 
h 
Figure V-5 Conical Spiral Antenna
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/ i \ c. Log-Periodic Tooth - Thelog-periodic (LP) tooth feed is 
shown in Figure V-6. The geome-
S -/~try 1 of the LP elements is chosen 
. ./ 7 so the propertles df Ehe element 
are periodic functions of the 
-- -- -- log of the frequency. The trap­
F.d Poi o tVertex.. ezoidal tooth LP structure con­
/ To HT rvesare sists of the two half structures 
Folded ahout This 
-4noto Formccded shown in the figure and fed by a 
R.1.1 =generator between their vertices. 
For'an angle 4, (defined in Fig­
ure V-6) <1800, a unidirectional 
(Twiu-lnefeedn,y
also enter fr." the 
beam that radiates off the apex 
rear) is formed. The E plane is de­
fined as the 4' = 1800 plane and 
the H plane as that normal to it. 
1-Twmn-LineFed . Ideally, the thickness 
of the sheets and the diameter 
4 of the wires should increase 
Direction of R.adation linearly with distance from the 
Figure V-6 Log-Periodic Trapezoidal vertex of the half-structures.
 
Tooth Antenna
 
The ratio T (defined in
 
Figure V-6) for a given angle a,
 
has a minimutm value below which pattern breakup is considerable.
 
The E-plane and H-plane beamwidths decrease with decreasing a
 
and increasing T. Large phase center excursions occur for too
 
high T. A value of T = 0.707 is a suitable compromise (Ref V-7).
 
d. Log-Periodic Dipole - The LP dipole (Ref V-8 and V-9)
 
consists of an array of dipoles with lengths and spacings arranged
 
in a log-periodic manned with operation similar to LP tooth. The
 
dipoles are excited by a uniform two-wire line with the line
 
transposed between adjacent dipoles (Fig. V-7). Antenna charac­
teristics change with a variation in parameters similar to the LP
 
tooth structure. Subject to a given lower frequency limit, a
 
decrease in a and an increase in T results in a gaip increase.
 
e. Multifilar Helix - The muitifilar helix, Figure V-8 (Ref
 
V-10), is an endfire radiator capable of wider broadband opera­
ticn than the standard axial mode helix. Size reduction is pos­
sible with antenna diameter decreasing for an increased number
 
of windings. Bandwidth is proportional to the number of wind'ngs
 
and the pitch angle.
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Feed Point 
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Figure V-7 Log-Periodic Dipole (b) Bfilar Helix 
Antenna
 
Bandwidth and gain vary with antenna
 
length in a linear number, very close
 
to the Hansen-Woodyard condition.
 
This antenna can be designed with half- Feed Points
 
power beamwidths between 25 and 70'.
 
Both the sidelobe and backlobe levels () Contrawound Biflar Helix 
can be kept at or be-low -20 dB. 
Figure V-8 Helix Antenna 
Two multifiiar helices wound 
in
 
opposite sense about a common axis re­
sult in the contrawound helix (Fig. V-8). Right-or left-hand
 
circular or linear polarizations are possible. The practical
 
implementation is open to some question because of the coupling
 
between the opposite-sense windings.
 
f. Summary - Major parameter values for the various feed
 
types are listed in Table V-I. In Table V-I, XL and AH refer to
 
L Ii ­
the wavelength at the lowest and highest frequencies in the band 
of interest.
 
The contrawound helix causes the least aperture blocking,
 
followed by the conical spiral and the LP feeds,
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Table V-i Parameters for Feed Types
 
Maximum Minimum
 
Transverse Transverse Height or Major
 
Antenna Type Dimension (m) Dimension (m) Length (m) Angles (deg)
 
Planar Spiral 0.55 AL 0.25 AL Spiral Wrap
 
2.5 Angle
5.5 

Conical Spiral 0.35 XL 0.15 AH 1.2 AL 2e0 = 20
 
3.5 0.15 12.0 a = 85 
LP Tooth 0.55 AL 0.55 AH 0.60 AL = 45
 
T = 0.707 5.5 0.55 6.0 a = 45
 
LP Dipole 0.55 AL 0.55 AH 0.60 AL a = 45 
T = 0.707 5.5 0.55 6.0
 
Contrawound Diameter 1.5 A Helix Pitch 
16-Filar Helix 0.1 AL Angle, 
1510 
 =60
1.0 

Broadband antennas possess relatively broad beamwidths,
 
usually 70' or greater resulting in severe problems when the
 
LOFT F/D ratio is 0.50. For the conical spiral and log-periodic
 
antennas, the antennas must be made quite long to obtain the de­
sired halfpower beamwidth of 60'. Smaller F/D ratios circumvent
 
the problem. The feeds can be designed to operate to their char­
acteristic broad beamwidths. This is made possible since the
 
angle subtended by the reflector of the focus increases with a
 
decreasing F/D ratio. An F/D ratio in the range from 0.35 to
 
0.40 (145<<130) is probably most appropriate.
 
Because the reactive component of the antennas impedance
 
for these feed types is relatively small, all impedances are es­
sentially real with values from 100 to 150 ohms over the usable
 
frequency band.
 
These antenna feeds offer good potential for mechanical
 
or pressure deployment techniques. For the conical models, in­
flatable pressure tight mylar bases on which the radiating ele­
ments are imprinted offer good potential for deployment by inser­
tion of low pressure gas. Rigidizing agent would s4bsequently
 
guarantee the shape. For planar spiral and pyramidal LP tooth
 
structure, a promising mechanical deployment technique is given
 
in Ref V-Il.. 
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4. Radiation Pattern Calculations
 
Calculations for radiation patterns were performed at'l7, 30,
 
148, 200, and 300 MHz using a program that included the effects
 
of aperture blocking. The major contribution to aperture block­
ing is the primary feed. A primary circular feed area of a di­
ameter 8.8 m at 17 MHz and a tapered aperture illumination on a
 
-10-dB pedestal was assumed for the calculations. The analytical
 
form used is
 
2 )
g(r) = 0.45 + (1 - r
 
where r is the aperture radius. The constant term represents the
 
pedestal.
 
Figures V-9 thru V-13 present the pattern calculation results.
 
The major effects of aperture blocking are to narrow the beam­
width and increase the sidelobe level. For comparison, each fig­
ure also shows the no aperture blocking case. At frequencies
 
greater than about 100 MHz, the change in beamwidth due to block­
ing is difficult to display and has been omitted. However, for
 
theblocking considered, the beamwidth narrows approximately 1 to
 
1 % at all frequencies.
 
Figures V-14 and V-15 summarize the beamwidth and sidelobe
 
data obtained from the calculated radiation patterns. In Figure
 
V-14, the halfpower beamwidth is shown for the 50 M LOFT as a
 
function of frequency. The narrowest beamwidth encountered in
 
this study is approximately 1.30 at 300 MHz.
 
Sidelobe level increases rapidly for blocking ratios greater
 
than 0.10. For example, the sidelobe level increases by 3.0 dB
 
for d/D = 0.176. It is important that aperture blocking from
 
the feed by minimized.
 
5. Feed Displacement
 
Bending of the LOFT mast, due to manufacturing tolerances and
 
dynamic characteristics, results in a lateral displacement of the
 
mast tip and an effective displacement of the feed phase center.
 
Lateral feed displacement produces broadening of the beam, in­
crease in the sidelobe level, loss of gain and squinting of the
 
main beam away from the boresight direction. LOFT mast bending
 
deformations, consisting of a permanent bend (due to construction
 
tolerances) of ±1.00 and a dynamic bending of approximately ±0.5',
 
measured from the antenna axis have been estimated.
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Figure V-15 Sidelobe Level vs
200 M z 

d/D Ratio
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For this relatively small angle, the major pattern effect is
 
the squint away from the axis. Squint is measured in terms of
 
beam deviation factor (Ref V-12 and V-13) defined as a ratio of
 
the beam deflection angle 0b to the angular displacement of the
 
feed 8f. Figure V-16 shows coordinate system for these angles.
 
Figure V-17 shows the beam deviation factor for the 10-dB illu­
mination taper assumed throughout this discussion.
 
The F/D ratio for the LOFT is 0.5 giving Gb/Of = 0.87. Hence
 
the worst case squint is 1.30, assuming that the total mass bend­
ing does not exceed 1.5'. The increase in beamwidth is about
 
0.10 and gain loss -0.1 dB; both are less than measurement error.
 
The major effects of beam squint is an increase in coma lobe lev­
el (the sidelobe on the axis side of the main beam) and a decrease
 
in signal amplitude on the antenna axis. Squint measured in terms
 
of "beamwidths scanned" serves as a measure in terms of the actual
 
halfpower beamwidths. The number of beamwidths scanned as a func­
tion of frequency is shown in Figure V-18 for displacement angles
 
Of equal to 0.5, 1.0, and 1.5.
 
Figure V-19 summarizes the major effects of feed displacement
 
for the LOFT antenna. The top curve shows the relative pattern
 
amplitude on the LOFT true axis as a function of beamwidths
 
scanned. The vertical lines on the curve denote the maximum
 
squint (0b = 1.30) at the designated frequencies. At higher fre­
quencies, the amplitude on axis drops very rapidly as the squint
 
angle increases suggesting the possible estimating of LOFT mast
 
displacement from the radiation pattern measurements.
 
Figure V-19 also shows the coma lobe level as a function of
 
a squint. Note that significantly the coma lobe level may in-t
 
crease to a level of -18 dB at the high end of the band, hence
 
even a small mast tilt has a significant effect on sidelobe level.
 
Feed tilt is essentially a rotation of the feed about the
 
displaced phase center as shown in Figure V-16 and the results
 
in A rotation of the primary feed pattern and a non-symmetrical
 
feed pattern with respect to the aperture'plane. LOFT tilt of
 
1.50 will cause negligible change in the radiation pattern.
 
Since the primary feed pattern $s relatively broad, the amplitude
 
change for a 1.50 tilt is not significant.
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Axial feed displacement can also result in much the same pat­
tern effects, i.e., null filling, decrease in gain, etc. For
 
reasonable displacements of the feed, the phase error across the
 
aperture can be represented by a quadratic function. With such
 
a phase error, the expected pattern &an be analyzed through the
 
Cornu spiral. Compression forces are estimated to cause only a
 
small axial displacement of the mast; therefore, axial feed dis­
placement is not serious.
 
6. Radiation Pattern Measurement Requirements
 
The number of data points required to describe the LOFT radi­
ation pattern can be estimated from Figures V-9 thru V-13. Rela­
tively few points are adequate to describe the pattern at the low
 
frequencies. With increasing frequency, the pattern detail in­
creases rapidly, and a corresponding increase in data sampling
 
is necessary.
 
The main beam and the first two or three sidelobes are of
 
greatest importance and a large number of data points are required.
 
This region varies from 1H1 <500 at 30 MHz to 161 <60 at 300 MHz.
 
Figure V-20 shows the measurement interval vs frequency for
 
measurements in the null-to-null beamwidth for n = 5, 10, 20 and
 
30. To measure 30 points in the null-to-null beamwidth at 148 
MHz, requires a measurement every 0.200. This requirement, in 
turn, places a rigorous demand on the accuracy of the LOFT posi­
tion sensing equipment since the angular orientation of the LOFT 
must be known to an accuracy consistent with the desired pattern 
accuracy. In general n = 30 appears adequate for LOFT patterns.
 
Measurement of the relative signal level may be accomplished
 
with straightforward techniques. A dynamic range of 40 dB should
 
prove adequate for good resolution of pattern nulls and sidelobes.
 
B. LOFT ORBIT CHARACTERISTICS
 
Thecharacteristics of the LOFT orbit will exert a signifi­
cant influence on any procedure for measuring radiation patterns.
 
Parameters such as orbital altitude and inclination will dictate
 
pattern data sampling rates, spacecraft steering rates, ground
 
station tracking rates, transmitter power requirements, plus many
 
other quantities of vital importance to the overall LOFT test
 
plan.
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There are three available sources for pattern measurements:
 
earth ground stations, auxiliary satellites, and cosmic radio
 
sources. Each of these sources presents measurement problems
 
peculiar to itself and requires a different emphasis with respect
 
to orbit characteristics. The three cases will, therefore, be
 
discussed separately below. A fourth case, the LOFT suborbital
 
flight, will be discussed at the end of this section.
 
1. Ground Station
 
Calculations were performed for two orbit inclinations, 28.50
 
and 600, and for three altitudes, 2000 km, 6000 km, and 18,000 km.
 
The lowest and highest altitudes established bounds for all param­
eters of interest.
 
The results of orbital calculations are presented with respect
 
to the ground station at Rosman, North Carolina; the results are
 
typical for the stations at Rosman, Mojave, Canberra, and Santiago
 
since they are at similar latitudes. For ground stations at other
 
latitudes, these results must be modified.'
 
Consideration was also given to the use of other STADAN ground
 
stations for performing the LOFT pattern measurements. Suitabili­
ty of the stations was based on (1) maximum diversity of coverage
 
of the LOFT spacecraft in orbit, and (2) availability of a 5 kw
 
signal through the SATAN command antenna. Eight STADAN ground
 
stations were found suitable as rf signal sources: Rosman, North
 
Carolina; Mojave, California; Fairbanks, Alaska; Winkfield, Eng­
land; Quito, Ecuador;°Canberia, Australia; Johannesburg, South
 
Africa; and Santiago, Chile. Table V-2 lists the locations and
 
elevations of these stations.
 
Table V-2 STADAN Station Locations and Elevations
 
East Elevation
 
STADAN Station Longitude Latitude (m)
 
Canberra, Australia 148-57-20.867 S-35-37-52.718 92.3
 
Fairbanks, Alaska 212-29-05.794 N-64-58-36.572 294
 
Johannesburg, South Africa 027-42-27.931 S-25-52-58.862 1520
 
Mojave, California 243-06-02.776 N-35-19-48.525 927
 
Quito, Ecuador 281-25-14.770 S-00-37-21.751 3565
 
Rosman, North Carolina 277-07-40.532 N-35-12-00.499 
 878
 
Santiago, Chile 289-19-51.283 S-33-08-58.106 
 695
 
Winkfield, England 359-18-14.615 N-51-26-44.122 65.5
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Orbit calculations were performed using the Martin Marietta
 
TD 219 trajectory simulation program. Figure V-21 shows the
 
standard coordinate system used in the TD 219 program.
 
Parameters pertinent to the STADAN tracking station at Rosman,
 
North Carolina, are presented in this section. These calculations
 
show that for the LOFT antenna in a 2000, 6000, and 18,000 km or­
bit, the orbital periods are 2.1, 3.8, and 10.5 hr, respectively.
 
The time required to make one earth revolution (defined as succes­
sive passages of a reference longitude) is approximately the same
 
as the orbital period for that altitude. The revolution is of
 
interest, because the time duration within sight of a ground sta­
tion is dependent on the earth revolution period.
 
Representative traces over the earth for all three altitudes
 
are shown in Figure V-22 for the 28.50 inclined orbit and in Fig­
ures V-23 and V-24 for the 600 inclined orbit.
 
Major results from all LOFT orbit calculations are summarized
 
in Tables V-3 and V-4 for the 28.5 and 600 inclined orbits. The
 
results indicate the orbit altitude as a major influence on the
 
pattern measurement technique and orbit inclination as a smaller
 
influence. For example, the orbit period and westerly shift of
 
the ascending mode depend essentially only on altitude.
 
Satellite slant range defines the ground station transmitter
 
power requirements for the pattern measurements. The maximum
 
range for each orbit altitude is used for a worst-case calcula­
tion of transmitter power in Section C.1 of this chapter.
 
The maximum time over station indicates the time available
 
for pattern measurements. Figures V-25 thru V-30 show the time
 
duration over the ground station versus nodal crossing for both
 
orbit inclinations. The over-station time is a periodic function
 
of the ascending node number. 1:This follows since a tracking sta­
tion is within line-of-sight of the vehicle for varying periods
 
of time depending on the orientation of the orbit plane. Line-of­
sight communications was assumed at all elevation angles above
 
the horizon.
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Legend:
 
X 	 Axis lies in orbit plane in general direction of
 
velocity vector
 
Y 	 Axis lies perpendicular to orbit plane
 
Z Axis lies along radius vector from earth's center.
 
(Local vertical)
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p Angle measured from +Z axis to the projection of
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Figure V-21 LOFT Orbit Calculation Coordinates
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Table V-3 Parameter Values, 28.50 Inclined Orbit
 
Orbit Altitudes (km)
 
Parameter 

Orbital Period (hr)' 

Ascending Node Shift (deg) 

Maximum Range (km) 

Minimum Range (km) 

Orbit Repetition Period (days) 

Maximum Elevation Angle (deg) 

Maximum Time-in-View (min.) 

2000 

2.1 

3Z.11 

5408.62 

2179.00 

5 

62.89 

30.5 

Table V-4 Parameter Values, 600 

6000 18,000 
3.8 10.5 
57.34 159.0 
10,592.48 23,512.28 
6,090.94 18,065.40 
7 11 
76.42 80.91 
86.5 570 
Inclined Orbit
 
Orbit Altitudes (km)
 
Parameter 

Orbital Period (hr) 

Ascending Node Shift (deg) 

Maximum Range (km) 

Minimum Range (km) 

Orbit Repetition Period"(days) 

Maximum Elevation Angle (deg) 

Maximum Time-in-View (min.) 

2000 

2.1 

32 

5413.34 

2005.03 
- 3 
89.22 

30 

6000 18,000 
3.8 10.5 
57.5 159 
10,574.72 23,523.80 
6,125.14 18,250.36 
7 11.5 
86.20 84.68 
82 430 
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For the 28.50 inclined orbit, the maximum time over the ground
 
station is 30 minutes for the 2000-km orbit. For the 6,000- and
 
18,000-kmworbits, the maximum times are approximately 85 minutes
 
and 575 minutes respectively. Figure V-25 indicates four or five
 
orbit passes per day can be monitored from Rosman for an average
 
duration of about 25 minutes. Six days only are plotted since
 
the data repeat at approximately 5-day intervals. Similar results
 
hold for the 6000-km orbit except that the average duration is ap­
proximately 1 hr. At 18,000 km, approximately one pass per day
 
over the ground station occurs with an average duration of approx­
imately 400 minutes. The data in Figure V-27 repeat after 11 days,
 
nodal crossing 25.
 
Results for the 600 inclination orbit are similar to those
 
described above. Average over-station times and number of passes
 
per day over Rosman are approximately the same for the two lower
 
orbits. For the 18,000-km orbit, two viewing periods may occur
 
during one revolution. These double viewing periods are indicated
 
by the cross hatched regions on Figure V-30.
 
The maximum elevation angle listed nn Tables V-3 and V-4 meas­
ures the LOFT spacecraft elevation relative to the local horizqn
 
at Rosman, North Carolina. The elevation angle is approximately
 
proportional to the time-in-view at the ground station. For the
 
shortest time-in-view durations in Figures V-25 thru V-30, peak
 
elevation angles less than 100 occur and hence pattern measure­
ments are not practical.
 
Pattern sweep rate and ground station tracking rates are im­
portant in pattern determinations. Sweep rate is the rate of
 
change of the angle between the antenna axis and the range vector
 
RNG shown in Figure V-31. For a pass directly over the station,
 
the rate at which the 180' sweep between horizons is covered de­
pends on the LOFT altitude. For passes directly over the ground
 
station, sweep rates are shown in Figure V-32 as a function of
 
orbit altitude. The maximum rate occurs for the 2000-km altitude
 
and is equal to 6.4°/min.
 
Maximum tracking rates for both elevation and azimuth are
 
shown in Figure V-33 as a function of orbit altitude. Maximum
 
and minimum rates are shown for azimuth. For elevation, the min­
imum rate is equal to zero and occurs at the maximum elevation
 
angle. At this point, the tracking rate shifts from positive
 
(increasing elevation angle) to negative (decreasing elevation
 
angle). The highest rates are 20.6 0/min in azimuth and 6.2°/min
 
in elevation. Positive and negative elevation tracking rates
 
were grouped and the highest value recorded, regardless of sign.
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Figure V-31 Geometry for Pattern Sweep Rate
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2. Auxiliary Satellite
 
Consideration has been given to the use of an auxiliary sat­
ellite (AUX) as the source for LOFT radiation pattern measurements.
 
AUX is a lightweight vehicle that rides "piggyback" on the LOFT
 
vehicle until it is required. It is then ejected away from the
 
LOFT to enter an orbit appropriate for pattern measurements. AUX
 
has an omnidirectional or similar antenna capable of radiating
 
100 mW of power at a number of discrete frequencies. This power
 
level requires that AUX be within about 200 km to the LOFT for
 
pattern measurements.
 
Table V-5 presents the relative motion resulting from ejecting
 
a 7-kg AUX from the LOFT antenna, while LOFT is in a 2000-km cir-.
 
cular orbit. After ejection, AUX will be in a slightly elliptic
 
orbit. As the LOFT antenna completes one orbit, the AUX will be
 
at the same altitude but behind the LOFT antenna and will have
 
circled LOFT. The distance behind is a function of the deployment
 
velocity impulse applied to the AUX in the direction of the velo­
city vector of the LOFT antenna. The relative trajectory path
 
of the AUX is repeated but the distance between the two vehicles
 
becomes greater with each orbit, as illustrated in Figure V-34.
 
For an impulse of 13.75 N-sec applied to the AUX, after one orbit
 
the AUX is about 46 km behind the LOFT antenna and at the end of
 
two orbits, 93 km behind the LOFT antenna. (Note that the scale
 
on the ordinate axis of this figure is not linear.) The distance
 
from the LOFT steadily increases with each orbit until finally it
 
passes out of range. The number of orbits available for measure­
ments before AUX is out of range depends on the initial ejection
 
impulse, as shown in Figure V-34.
 
Because the AUX effectively circles the LOFT during each orbit,
 
steering of the LOFT is not necessary and the required pattern
 
cuts are obtained passively. Sufficient pattern cuts could be ob­
tained by making the initial impulse, AV, small enough. If AUX
 
is battery powered, the the initial impulse would be sized to
 
keep the AUX-LOFT separation within the 200-km maximum range for
 
the life of the battery. Figure V-35 shows the number of pattern
 
cuts as a function of battery life and orbit altitude.
 
This analysis assumes that the orbital altitude of the vehi­
cle is outside the earth's atmosphere and that the reaction of
 
the AUX deployment impulse on the LOFT antenna is negligible. A
 
LOFT weight of 225 kg, AUX weight of 7 kg and a deployment impulse
 
of 27.5 N-sec results in LOFT perigee altitude 3.7 km below the
 
2000-km aprogee.
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Table V-5 7-kg Auxiliary Module (AUX) Orbit Properties for
 
Velocity Impulses Initiated from LOFT Vehicle in
 
a 2000-km Circular Orbit
 
Elapsed
 
Velocity Time from 

Impulse Deployment, 

(m/sec) T (min.) 

0.405 127.2 

0.405 636.0 

0.405 1272.0 

2.03 127.2 

2.03 254.4 

2.03 381.6 

4.05 127.2 

4.05 - 254.4 
4.05 381.6 

No. of Orbits 

Completed by 

LOFT in T 

1.0 

5.0 

10.0 

1.0 

2.0 

3.0 

1.0 

2.0 

3.0 

Total Xo Distance 

between AUX and 

LOFT in T (km) 

9.3 

46.3 

92.6 

46.3 

92.6 

138.9 

92.6 

185.2 

277.8 

Spring Force to
 
Deploy or Brake
 
AUX (N)
 
2.75
 
2.75
 
2.75
 
13.75
 
13.75
 
13.75
 
27.5
 
27.5
 
27.5
 
Note: 1. Spring force to deploy AUX is instantaneous (1 sec) and di­
rected in the -X direction, along the velocity vector of the
 
.LOFT antenna.
 
2. 	Velocity impulse to brake AUX is applied in the +X direction
 
:when Yo is zero to fix its position relative to the LOFT an­
tenna.
 
(To Deploy) 	 (To Brake)
 
0
 
AUX 
'Orbit Path of LOFT Antenna 
V-44
 
YOF 
i2. 
Note: 1. 0 represents the LOFT antenna. 
V represents the velocity vector of the LOFT 
antenna in a 2000 km circular orbit. 
3. Weight of AUX is 7 kg. 
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A second possible mode of operation has been considered for
 
AUX. This mode consists of ejecting the AUX from LOFT with a
 
spring impulse as above. At some later time, an equal and oppo­
site impulse would be applied to AUX so that it would occupy a
 
fixed position with respect to LOFT in the same orbit. This pro­
vides the advantage that the AUX is always available for pattern
 
measurements and its signal strength at LOFT would be constant
 
because its distance from the LOFT is (virtually) fixed. However,
 
the complexity of adding a propulsion system and controls to the
 
AUX, rule out further consideration of this mode.
 
3. Cosmic Radio Sources
 
In comparison with other measurement techniques, cosmic radio
 
sources offer a unique opportunity to investigate the LOFT char­
acteristics with the antenna used as a radio telescope. However,
 
this technique also presents many formidable problems because of
 
the very low incident power density from these sources and back­
ground noise levels which are only 10 to 20 dB below the source.
 
Sources of cosmic radio noise are concentrated in a broad
 
diffuse band along the galactic equator and toward the galactic
 
center. Thousands of discrete radio sources are observed against
 
this weaker background noise. These are point sources with the
 
most powerful located in the constellations of Cygnus, Cassiopeia,
 
and Taurus. Other radio sources include some of the planets, the
 
moon, ad the sun. The moon and sun are not true point sources,
 
but subtend an angle of about 0.5' when viewed from earth orbit.
 
The equivalent minimum background temperature of the coldest
 
regions of the sky is about 80'K at 250 MHz and 11K at 915 MHz.
 
At the LOFT frequencies, the background noise will be quite high;
 
about 500K at 300 MHz, 700'K at 100 MHz and 20,000°K at 30 MHz.
 
The coordinates of four strongest discrete radio sources
 
are listed in Table V-6 in order of relative strength (Ref V-14)
 
together with the coordinates for the galactic center and galac­
tic disk. These sources are discussed in detail in Section C.3.
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Table V-6 'Discrete Radio Sources
 
Source Right Ascension Declination -Angular Extent
 
23h 21m i1s ' 
Cassiopeia A +580'32.8 4'
 
Cygnus A 19 5 7m 44s +400 37.4' each <0.7'
 
12h 28m 17s
Virgo A +120 39.9' W
 
31s
Taurus A 0 5h 3 1m +210 59.0' 3' x 4.5'
 
17h
Galactic Center 42.6m +280 56'
 
16h
Galactic Disk 20h to +300 to -509
 
4. LOFT Suborbital Flight
 
Ground stations along or adjacent to the flightpath ground
 
track are most desirable. Either the flight path must coincide
 
with established ground stations or portable stations installed.
 
Testing the LOFT as a receiving antenna allows checkout of the
 
receiver under near'orbital conditions. Ground station transmis­
sion at 148 MHz is required.
 
All stations to the southeast of ETR, except Antiqua, are ex­
pected to be inoperative in the 1973 time period and Antiqua will
 
operate at very low levels of LOFT frequencies. A trajectory
 
azimuth of 450 with an impact area off the New England coast of­
fers several advantages. Such a flight path would carry the LOFT
 
northeast of ETR between the Atlantic Coast and Bermuda. If a
 
1000-km surface range is assumed for the flight, the landing area
 
would be located at approximately latitude 400 North. Existing
 
ground stations such as the STADAN station at Rosman, North Caro­
lina and NASA facilities at Bermuda and at Wallops Island, Vir­
ginia, can then be used for tracking and pattern measurements.
 
Useful pattern data can be obtained only if the LOFT is ori­
ented to face earthward during the suborbital flight. In event
 
this orientation cannot be obtained (for example, because inci­
dent sunlight would interfere with the optical contour measure­
ment), pattern measurements should be deleted from the suborbital
 
flight.
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C. ORBITAL AND SUBORBITAL RADIATION PATTERN MEASUREMENTS
 
Radiation pattern measurements may be conducted with the
 
test antenna (the LOFT) acting either as a transmitting or a re­
ceiving antenna. In the usual situation, the antenna under test
 
is used to receive from a second transmitting antenna located at
 
a sufficient distance to ensure farfield measurements. Using
 
the 2D2 /1A criterion, the farfield distance for the 50 M LOFT is
 
5 km at 300 MHz, the worst case.
 
Three available pattern measurement sources were studied -­
earth stations, auxiliary satellites, and cosmic radio sources.
 
In addition, rf signals from an earth synchronous satellite
 
could be used as a pattern measurement source. This would re­
quire an accurate calibration of the rf signal directed toward
 
LOFT and an accurate measurement of the distance between the two
 
satellites. The 136 to 138 MHz frequency band is appropriate for
 
performing pattern measurements.
 
1. Ground Station Source
 
Transmissions to LOFT for radiation pattern measurements are
 
limited to the 148 to 150 MHz command frequency band of the STADAN
 
Stations. A calibrating signal will be transmitted at a maximum
 
power level of 5 kw using a STADAN command antenna, a disc-on-rod
 
array with a measured gain of 23.7 dB at 148 MHz. With these re­
strictions and those of Section B eight STADAN ground stations
 
were selected as possible transmitting sites: Mojave, California;
 
Rosman, North Carolina; Fairbanks, Alaska; Santiago, Chile; Wink­
field, England; Quito, Ecuador; Johannesburg, South Africa, and
 
Canberra, Australia.
 
The required effective radiated power (ERP) to perform the
 
desired measurements depends on path attenuation and frequency
 
as shown in Eq [V-2] and [V-3]. The worst-case path loss between
 
the source and test antenna was assumed for orbit altitudes of
 
2000, 6000, and 18,000 km with passes directly over the ground
 
station. The maximum range occurs when the LOFT is on the local
 
horizon and was found to be 5,408, 10,592, and 23,512 km, respec­
tively, for the above orbit altitudes.
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Path attenuation between isotropic antennas is given by
 
P d2
t = 1.18 x 104 f2 [v-2]

P
 
r 
where P and Pr are the transmitted and received power, f is the
 
frequency in MHz, and d the distance in kilometers. It is given
 
in dB as
 
a = 41 + 20 log f + 20 log d [V-3]
 
Attenuations for worst-case path losses were computed by Eq [3]
 
and the results presented in Figure V-36. As an example, for the
 
6000-km orbit worst-case range of 10,592 km, the space attenuation
 
varies-from 137.7 to 163 dB as the frequency varies from 17 to
 
300 MHz.
 
Table V-7 Required ERP
 
Orbit Altitude (kin)
 
Quantity 2000 6000 18,000
 
Space Loss (dB) +151.2 +157.7 +164.0
 
Receiver Sensitivity (dB) -129.0 -129.0 -129.0
 
Desired SIN (dB) +20.0 +20.0 +20.0
 
System Losses (dB) +0.5 +0.5 +0.5
 
Dynamic Range (dB) +40.0 +40.0 +40.0
 
LOFT Antenna Gain (dB) -32.0 -32.0 -32.0
 
Ground Antenna Gain (dB) -23.7 -23.7 -23.7
 
Required ERP (dBm) +26.0 +32.5 +38.8
 
In Table V-7, space loss calculations were performed for the
 
maximum range encountered at each orbit altitude. The receiver
 
is considered in Section D. Its sensitivity is as -129 dBm.
 
Signal-to-noise ratio and dynamic range values represent best es­
timates for adequate performance. The LOFT antenna gain was taken
 
as 32.0 dB. Since the theoretical LOFT gain is 37 dB at 148 MHz,
 
this corresponds to a gain decrease of 5.0 dB. It is thus a con­
servative estimate of efficiency.
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Figure V-37 shows required transmitter power vs orbital alti­
tude with coverage angle 0 as a parameter. 0 is defined in the
 
figure. The transmitter power at a given orbital altitude as­
sumes worst-case path loss as described above. For example, for
 
0 = 1800, the results of Table V-7 were used.
 
Figure V-37 shows that the required transmitter power will
 
never exceed 10 w even for the worst possible combination of cir­
cumstances. This result may be attributed primarily to the high
 
receiver sensitivity of -129 dB that was assumed. While this
 
high sensitivity appears reasonable for the design described in
 
Section D.I of this chapter, a large degradation to say -110 dB
 
would imply a transmitter power of only 1 kw.
 
This adequacy of power points to a partial solution of the
 
problem of interference from earth sources. This can arise, for
 
example, from high power transmissions (1 kw) from amateur trans­
mission in the 144 to 148 MHz band. Interference would be espe­
cially serious if the ground station were monitoring a sidelobe
 
of the LOFT pattern while the main beam pointed at a competing
 
transmitter. The solution would lie in transmitting at maximum
 
power from the ground and decreasing the LOFT receiver sensitivi­
ty via a multistep attenuator ahead of the receiver front end.
 
In this manner, a very sensitive receiver is available for de­
tailed measurements (e.g., to measure a deep null) or for use
 
with the auxiliary satellite.
 
Alternately, this interference problem can be substantially
 
reduced if a frequency near the upper end of the 148 to 150 MHz
 
command frequency band is selected for the pattern measurements.
 
A sharp cutoff high-pass filter could then be employed in the
 
LOFT receiver to eliminate any residual interference from these
 
transmitters.
 
Establishing a specific procedure for performing pattern meas­
urements from the ground requires a careful analysis of the LOFT
 
orbit characteristics. For simplicity, consider the LOFT passing
 
directly over the ground station with the antenna axis aligned
 
with the earth radius vector when directly over station. Since
 
LOFT rotates at 3 rpm, an arbitrary reference -plane containing
 
the LOFT axis and fixed to the LOFT structure, is coincident with
 
the orbit plane once every 10 sec. To measure one great circle
 
cut in this reference 4-plane, it is necessary to sample the rel­
ative signal level at a rate that is a multiple of 10 sec. The
 
variation of the 0 coordinate is accomplished by the orbital mo­
tion of the LOFT, with as much as 1700 of variation available in
 
o as the LOFT passes from horizon to horizon.
 
V-52
 
JO I I I 01  
:5 
Note: 1. Coverage angle as a parameter.
2. Frequency =148 Ifiz. 
0 
K 
)0 
11 
Ln 
0 
-5 
1 Zenith 
0 
10 10 
-15LoaHoin 
-20 
,0 
71 
2,000,000 5,00 10,000 
Orbit Altitude (km) 
Figure V-37 Required Transmitter Power vs Orbit Altitude 
'1 
100 
20,000 
The number of samplings depends on the number of points desired 
and the orbit altitude as expressed by Figures V-20 and V-32, 
which show the angular measurement interval and the pattern sweep 
rate. For example, to sample 30 data points within the null-to­
null beamwidth at 148 MHz, Figure V-20 shows that the angular in­
terval in 0 between measurements is 0.200. For a 2000-km orbit
 
altitude, only one-fifth of the desired samples are obtained, that
 
is, N = 6. To obtain 30 points in the null-to-null beamwidth re­
quires repeated passes. or a higher orbital altitude.
 
As the orbit altitude increases, higher sampling rates are
 
possible since the pattern sweep rate decreases as shown in Fig­
ure V-32. This is further illustrated in Figure V-38, which
 
shows the minimum orbit altitude required in order that the de­
sired 30 samples be obtained within the pattern null-to-null
 
beamwidth, for a given j-plane. At 148 MHz, an orbit altitude
 
of at least 12,000 km is required to obtain n = 30 points. Table
 
V-8 shows the maximum number of samples in a null-to-null beam­
width in a given -plane as a function of frequency and orbit al­
titude.
 
Table V-8 Maximum Number of Points Sampled in the Null- ­
to-Null Beamwidth 
Orbit
 
Altitude (km) 17 b{z 30 MHz 70 MHz 148 MHz 300 MIz
 
2,000 52 30 14 6 3 
3,000 74 42 20 8 4 
4,000 94 54 22 10 5 
6,000 -- 78 34 16 8 
8,000 .. .. 44 20 10 
10,000 .... 60 24 12 
12,000 .... 66 30 15 
15,000 .... 90 40 20 
18,000 ...... 52 26 
Measurements in many q-planes are desired. This can be
 
achieved by sampling at rates greater than 1 sample/10 second.
 
At a rate of 1 sample/second, measurements would be obtained in
 
10 different -planes.
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The above discussion applies to a pass directly over the
 
ground station. This would occur if the angle KAP, defined in
 
Figure V-21, equaled zero. For larger KAP angles, if it is as­
sumed that the LOFT axis is aligned with the orbit radius vector,
 
the pattern points sampled would be on a cone with axis coinci­
dent with the LOFT axis and half angle equal to KAP. The proce­
dure for sampling the pattern, however, would be essentially the
 
same.
 
Sufficient data to allow reconstruction of the pattern on
 
the ground consists of the following:
 
1) Relative signal amplitude as measured by the LOFT re­
ceiver; 
2) Accurate determination of angular coordinates 0,0; 
3) Time relative to some arbitrary zero reference. 
The relative signal amplitude measured by the LOFT receiver
 
should be accurate to ±0.5 dB because the half-power beamwidth
 
of the LOFT antenna at X = 2 m is 2.34' and the null-null beam­
width is only 2.800. Both angular coordinates 8 and 0 should
 
°
 be known to an accuracy of ±0.05 . The beamwidth at any point
 
of the LOFT antenna pattern is proportional to the square root
 
of the decibel reading at that point. Therefore, for the above
 
measurement accuracies, the half-power beamwidth measurement of
 
2.340 could be achieved to an accuracy of +0.2350

-0.255' or approximately 
±10%. This accuracy will allow estimation of the LOFT antenna 
gain to an accuracy of ±0.9 dB. There appears some question as 
to whether the amplitude and angular measurement requirements 
specified above can be achieved with currently available light
 
airborne equipment. It must be emphasized that these require­
ments refer to total system accuracies, including all components
 
and the medium between the transmitters on the ground and the
 
LOFT receiver. Since the amplitude errors will be cumulative, a
 
highly accurate and stable receiver will be required at the LOFT
 
receiving terminal of the link.
 
This situation can be somewhat relaxed if the actual antenna
 
pattern of the LOFT reflector is sectioned into a number of dis­
crete regions. The first region would be that part of the anten­
na pattern that lies between the first nulls on either side of
 
the beam maximum, which is undoubtedly the most important region
 
and should be measured to the above accuracies. The next region
 
would contain the first sidelobes and a small region beyond,
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which could be measured to a lesser accuracy (AA = ±1 dB, AO,
 
A4 = ±10). Beyond the first sidelobe region the antenna pattern
 
could be sampled at fewer points and the measurement accuracy
 
could be relaxed substantially. The lastiregion containing the
 
spillover radiation and the backlobes could again be sampled at
 
fewer points than the first null-to-null region except that care
 
must be taken not to miss any of these backlobes. The angular
 
accuracy in locating these lobes, as well as the accuracy of
 
their amplitude, could again be relaxed (A ; ±2 dB, A8, A " %2°)
 
without greatly affecting the usefulness of the results.
 
Determination of relative signal levels means that the trans­
mitted power level and receiver gain must be continously moni­
tored. Changes in transmitter power levels and receiver gain are
 
allowable provided that they are known. The receiver has been
 
designed with a stable oscillator, which will provide a reference
 
signal level. This reference signal will be sampled at some ap­
propriate rate during the pattern measurements to obtain receiver
 
calibration.
 
The range to the LOFT and the atmospheric attentuation of the
 
148 MHz signal as a function of elevation are also required.
 
Range information is obtained as part of the LOFT tracking data
 
and allows correction for the variable transmission path during
 
measurements. Correction for the atmospheric attentuation can
 
be provided from data obtained experimentally for the total at­
tenuation for one-way transmission through the atmosphere and
 
ionosphere. These values are available from propagation tests
 
and for the frequency range of interest here (150 MHz) should not
 
exceed 0.1 dB. At 15 MHz, some minor effects due to ionospheric
 
ray bending may be experienced, although this error should also
 
be of minor extent compared to the measurement accuracy require­
ments. As long as the range of angles with respect to the local
 
vertical does not exceed ±60' atmospheric attenuation and refrac­
tion effects will not influence the measurement accuracy since
 
they should not vary with local conditions over the nominal 30 to
 
300 MHz frequency range. On the other hand, for the full-scale
 
1500-m diameter LOFT antenna, adequate corrections will have to
 
be provided to correct for both attenuation and refraction effects.
 
SCADS will provide information for determining the angle G. Other
 
devices such as solar aspect sensor will determine 4. The time
 
reference is provided as an aide for keeping track of the data.
 
All data processing will be accomplished on a computer.
 
V-57
 
A LOFT feed system capable of both linear and circular polar­
ization would be most useful for radio astronomy applications.
 
The feed should be capable of generating both right- and left­
hand circular polarization, as well as linear polarization in
 
the horizontal and vertical plane. It is desirable to measure
 
the two orthogonal components of the circular polarization as a
 
function of (8,i). These patterns should yield all of the neces­
sary information to define the radiation characteristics of the
 
LOFT antenna.
 
Figure V-39 shows the block diagram for a possible pattern
 
measurement technique that includes a provision for performing
 
gain measurements. Gain measurements are usually performed by
 
comparing the test antenna gain with the gain of a referepce an­
tenna at the same frequency. The reference and test antennas
 
are tested under identical conditions (including antenna locapion
 
and orientation) so that the test is not biased. However, the
 
test antenna must be flown with the LOFT and requires an aperture
 
size comparable to LOFT and, therefore, is not feasible.
 
A second method for measuring gain involves the use of three
 
arbitrary antennas and provides a method by which the gain of
 
each may be determined without prior knowledge of the gain of
 
any of them. However, this technique would still require that
 
an antenna be flown with or near the LOFT, which is undesirable.
 
It, therefore, appears that it may not be feasible to measure
 
the absolute gain of the LOFT from orbit.
 
2. Auxiliary Satellite Source
 
Use of an auxiliary satellite (AUX) to perform radiation
 
pattern measurements offers some advantages over other techniques.
 
In particular, the AUX is capable of multifrequency transmission
 
at relatively low power levels. This provides the opportunity
 
for a much more detailed evaluation of the LOFT characteristics
 
than is possible in the ground station case.
 
Design of the AUX should stress simplicity and light weight.
 
For this reason, the power supply was assumed capable of a maxi­
mum output of 1.0 W. An efficiency of 10% for the transmitter
 
results in 100 mW of useful power available at the antenna term­
inals.
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Figure V-39 Block Diagram for LOFT Pattern and Gain Measurements
 
An obvious first choice among antenna types is the isotropic.
 
This antenna radiates equally in all directions, thus the AUX
 
could tumble with constant direction-independent ERP. However
 
it has been shown (Ref V-15 and V-16) to be theoretically impos­
sible. Either a -3 dB (or.less) depression appears in the ideal
 
spherical radiation pattern and is distributed over a finite por­
tion of the sphere, or a single deep null at some point exists.
 
However, a theoretically ideal omnidirectional pattern can be ap­
proached by the following antenna configurations:
 
1) 	Crossed-dipole turnstile antenna (Ref V-17);
 
2) 	Spherical satellite antenna containing equatorial
 
slot or a ring array of elements (Ref V-18).
 
Unfortunately neither of these antennas is perfect and small de­
pressions or nulls are still evident in the radiated field of
 
these configurations. Thus, a tumbling AUX configuration would
 
make it necessary to monitor the variation in ERP in order to
 
maintain the required ±0.5 dB accuracy in the measurement of the
 
LOFT antenna pattern.
 
The omnidirection radiation pattern represents a compromise;
 
it.is "isotropic" in one plane. An example is the dipole since
 
it radiates equally in all directions, in a plane perpendicular
 
to the dipole axis [Fig. V-40 (b)] and with nulls along the axis.
 
The gain for this type of radiation pattern is approximately 2
 
dB. Use of a dipole requires orientation such that the peak of
 
the main lobe be pointed toward the LOFT.
 
The preliminary design concept for the AUX employs an omni­
directional antenna, essentially a dipole spin stabilized to
 
maintain the desired orientation.
 
The STEM (Ref V-19) principle may be used for the dipole
 
elements. With this technique, the radiating arms may remain
 
furled inside the equipment container until after the AUX has
 
been ejected from the LOFT. The STEM booms would be 0.635 cm in
 
diameter with 0.05 mm.thick walls. Each boom is constructed
 
from beryllium copper and weighs less than 50 gm. This weight
 
assumes a -wave-length dipole at 30 MHz (8.85 m). If more than
 
one frequency is transmitted from the AUX, the length of the
 
STEM booms could be accordingly adjusted. A single drive motor
 
may be used to erect both booms simultaneously. A weight of 1.8
 
kg has been assumed for the motor and gear drive assembly.
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Figure V-40 Auxiliary Satellite Radiation Pattern
 
There are alternative antenna configurations that will pro­
duce the same radiation pattern as a dipole. One approach which
 
shows promise has recently been investigated at the Martin Marietta
 
Corporation Denver Division (Ref V-20). This configuration uses
 
an open-ended radial waveguide fed by a coaxial transmission line
 
and would still possess the flat cylinder (pancake) form factor
 
as the dipole case but the STEM booms could be eliminated. The
 
diameter of the cylinder would be arbitrary but the cylinder
 
height (plate separation) must be less than one-half wavelength
 
at the highest frequency of operation.
 
Two cases were considered for the AUX operation: (1) trans­
.mission at the single frequency of 148 MHz, and (2) transmission 
at four frequencies, 17, 30, 70, and 148 MHz. 
Table V-9 indicates excessive power available at zero range
 
between the AUX and the LOFT. The excess ERP may be translated
 
into range using Figure V-36, which shows space loss versus dis­
tance. In Table V-9 are the results of the link calculations at
 
the variods frequencies for several power levels. Link calcula­
tions are essentially the same as the ground case under constraint
 
of fixed power.
 
Table V-9 ;Results of Link Calculations
 
Transmitter Power (W)
 
Quantity 5 1 0.1 
Receiver Sensitivity (dBm) -129.0 -129.0 -129.0
 
Desired S/N (dB) +20.0 +20.0 +20.0
 
System Losses (dB) +0.5 +0.5 +0.5
 
Dynamic Range (dB) +40.0 +40.0 +40.0
 
LOFT Antenna Gain (dB) -32.0 -32.0 -32.0
 
AUX Antenna Gain (dB) -2.0 -2.0 -2.0
 
Transmitter Power (dBm) -37.0 -30.0 -20.0
 
Excess ERP (dBm) -139.5 -132.5 -122.5
 
The obtainable range as a function of the transmitted power
 
is shown in Figure V-41 for several frequencies. Ranges of thou­
sands of kilometers are possible at thc lower frequencies for
 
transmitter power of 100 mW. Thus moderate power levels are
 
adequate for pattern measurements.
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AUX can be operated using a fixed length dipole antenna and
 
eliminating the command receiver to operate the STEM drive motor.
 
The length would be fixed at one-half wavelength at the highest
 
frequency of operation, 148 MHz. The resulting mis-match at lower
 
frequencies can be compensated fairly easily at discrete frequen­
cies using narrow band impedance matching networks between each
 
transmitter and the antenna. The radiation pattern will not be
 
greatly affected. With a radiated power capability of 100 mW, a
 
battery weight of approximately 1.kg is required for 10 hr of
 
AUX satellite-operation.
 
Transmission of the four measurement frequencies could be
 
conducted in sequence by switching between transmitters, say,

five times a second for each transmitter for a total of 20 trans­
missions a second. The LOFT receiver would simply be tuned to
 
the desired frequency with the remaining channels ignored. A
 
timer and sequencer aboard the AUX would be required to perform
 
this operation. A schematic diagram of this scheme is shown in
 
Figure 42.
 
3. Cosmic Radio Sources
 
Locations of cosmic radio sources suitable for LOFT pattern
 
measurements are presented in Table V-6. The relative strength
 
of these sources is plotted in Figure V-43 as a function of fre­
quency. It is seen that all sources are strongest at the LOFT
 
frequencies. For comparison, the flux densities for the quiet
 
sun and the moon are also plotted. The sun is obviously an im­
portant source and would be very useful if it may be considered
 
as a point source. It will be seen that this is so for the lower
 
half of the LOFT band. The moon is not a direct source but only
 
reflects radiation incident from other sources, prindipally the
 
sun. At the LOFT frequencies, the reflected radiation from the
 
moon is negligible.
 
Figure V-44 gives the source flux density vs frequency. It
 
is more useful to list source strength in terms of noise temper­
ature versus frequency. For noisesources with only 'small sub­
tended angles (point sources) the antenna noise temperature, T
 
is given by (Ref V-14) a
 
SA
 
Ta 2ke [V-4]
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where S is the source flux density, A is the effective antenna
 
area, and k is Boltzmann's constant. Effective antenna area and
 
antenna gain are related by
 
GX2
Ae 47 [V-53 
e -4ir
 
Where G is the measured antenna gain and X is the wavelength, G
 
is given by
 
4Tr 47r(57.3)G 2 = --41 250 [V-6]= = 
a a 
where 0 is the antenna halfpower beamwidth and n is the effi­a 
ciency. Using n = 0.65 
A = 2135 2 [V-7] 
a 
Finally
 
2135X2S

-
Ta =2k 'K/Hz [V-8]
 
a 
Figure 45 shows the relative noise temperatures of the vari­
ous sources (listed in Table V-6) as a function of frequency to­
gether with those for the galactic pole and galactic center.
 
Equation [V-8] was used to calculate the noise temperatures of
 
these sources and assumed an antenna beamwidth 0 of 200 and the
 
flux density S of Figure V-43. Figure V-45 values were calcu­
lated for 0 = 200 which matches the LOFT beamwidth only at 17
a 
1AHz and thus indicates only the relative noise temperatures of
 
the various sources.
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It is a simple matter to extend the curves of Figure V-45 to
 
antenna half-power beamwidths corresponding to the LOFT antenna
 
performance at higher frequencies. Thus, fot instance, for the
 
sun we can employ the expression obtained by Hogg and Munford,
 
as follows:
 
sun 675
 
290 f
 
where
 
T = temperature in OK.
 
f = frequency in k NHz
 
then at f = 300 MHz:
 
= (290)(675) = 
6.53 x 105 OK
 
sun 0.3
 
and for 9 = 1.40:
 
a 
Ta = TS au = 6.53 x 105 (?j 8.3 x 104 0K\.4)
 
Since the antenna temperature is a function of beamwidth, as
 
well as wavelength, Eq [V-8] was used to calculate the LOFT an­
tenna temperature with the sun and Cassiopeia A as sources. At
 
each frequency, the appropriate LOFT beamwidth 8 was used.
 
a 
The results are plotted in Figure V-46 for the above two sources.
 
The sun is first choice as a source for pattern measurements
 
since it is the brightest source at most frequencies of interest.
 
A cosmic source is a point source if it subtends an angle in
 
space less than 1/5 the halfpower beamwidth of the measuring an­
tenna. Since the sun subtends about 0.50 from the earth, the
 
1/5 beamwidth criterion is satisfied only for frequencies up to
 
160 MHz. Cassiopeia A subtends an angle of 4' and is the
 
strongest source next to the sun and thus is the second choice.
 
For the present LOFT mesh all required measurements appear pos­
sible using only the sun. For a finer mesh and frequency above
 
150'MHz, the second source is also required.
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The relative noise level of the general background in the
 
region of the source is a parameter of considerable importance.
 
A very high background level will tend to obscure the source.
 
Figure V-44 shows the background flux density as a function of
 
frequency in the region surrounding each of the sources listed
 
in Table V-6 and is a compilation of numerous surveys for the
 
regions of interest. A comparison of Figures V-44 and V-43 in­
dicates the background level to.be high. This result is not un­
expected since the sources of major interest, except Virgo A,
 
lie in the galactic plane where the concentration of noise sources
 
is highest.
 
A consideration that is important to the overall LOFT meas­
urement procedure is the sidelobe and the backlobe contributions
 
to the antenna noise temperature. While measurements are being
 
performed, care must be exercised so that a sidelobe is not
 
pointing at a "hot" region of the sky except where the source is
 
located. This means, for example, that if the sun appears against
 
a relatively hot region of the sky as a background, measurements
 
should be suspended until a more favorable orientation is ob­
tained. Thus, the existance of a seasonal launch window to per­
mit LOFT measurement of cosmic sources is indicated.
 
Another source of possible trouble-is radiations from the
 
earth itself. While atmospheric noise due to absorption is neg
 
ligible below 1.0 GHz, man-made noise, particularly from ground
 
based transmitters.is not. While quantitative estimates are
 
difficult to obtain, an effort must be made to establish a bound.
 
It may be possible to minimize this problem by judicious selec­
tion of a frequency not too extensively used on the ground.
 
A major problem in using cosmic radio sources is obtaining
 
sufficient dynamic range for performing pattern measurements.
 
Figure V-43 and V-44 show that the difference in flux density
 
between the sources and the background is about 10. dB. This
 
small difference will limit the depth of measurement (off the
 
main beam) as the main beam is steered past the radio source.
 
It may be possible to find signals of 20 dB in the better beam
 
pointing positions. This illustrates that in general all cosmic
 
sources except the sun appear unsuitable for LOFT radiation pat­
tern measurements because the small dynamic range available re­
sults in insufficient pattern detail.­
V-72
 
D. HARDWARE DEVELOPMENT
 
Equipment has been specified that may not be off-the-shelf,
 
such as the receivers and transmitters aboard the LOFT and auxil­
iary satellite. Construction of these items does not anticipate
 
advances in the state-of-the-art. A moderate development program
 
is anticipated for each item due to attendant special requirements.
 
1. Single Channel Receiver
 
If the ground station only is used to perform the pattern
 
measurements, reception is required at only a single frequency in
 
the 148 MHz - 150 MHz band. Since the receiver is to be used on
 
board the LOFT (at the feed) it is desirable that it be simple,
 
reliable, small and lightweight. To achieve the goal of simplici­
ty, it is desirable to use a conventional design without unneces­
sary automatic modes, frequency searching loops, etc. A minimum
 
of piece parts with good type history of reliability is required.
 
The receiver design was performed to the following specifica­
tions: 
i) Path loss was assumed to be 140 dB. 
worst case for the 18,000-km orbit; 
This is the 
2) It was assumed that the ground station was capable of 
supplying a signal at a +30 dBm (I W) level through a 
+20 dB gain antenna; 
3) The LOFT antenna gain was taken to be +33 dB above 
isotropic with measurements made to -7 dB below iso­
tropic (40 dB dynamic range); 
4) Calculation indicates a worst-case Doppler shift.of­
less than ±2 kHz. This consequently requires a signal 
acquisition receiver bandwidth of at least 4 kHz; 
5) If a receiver bandwidth of 10 kHz is used to provide 
reception guard bands, it is possible to detect a 
signal at -129 dBm with a 5 dB noise figure; 
6) Using the above bandwidth, noise figure, and worst­
case signal levels there will be a possible loss of 
7 dB of low signal level infprmation.
 
A general background of ground interference requires a highly
 
selective front end to prevent resultant cross modulation products
 
or spurious frequencies in the input amplifiers. High selectivity
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with steep skirts is required to minimize noise and adjacent chan­
nel leak through. A high frequency IF stage with good selectivity
 
is also required to minimize image frequency response from power­
ful stations in the VHF spectrum.
 
A self frequency control is desirable to prevent the Doppler
 
shift and resultant ripple in the passband of a square bandpass
 
receiver. This end is accomplished through a simple frequency
 
locking circuit.
 
The block diagram for the 148 MHz receiver is shown in Figure
 
V-47. A brief discussion of this diagram is given below.
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1) Test Signal Oscillator - This unit is used to test the 
gain stability of the receiver at regular intervals. 
During off intervals, it is desirable to entirely turn 
off the oscillator to prevent signal leakage; 
2) Input Bandpass Filter - This is'a very narrow crystal 
lattice or coaxial filter designed to provide less 
than a 1 MHz bandpass with excellent skirt selectivity 
and low insertion loss. The purpose is to provide 
interference control at a very critical point, the 
input; 
3) Input Amplifiers - These are very low noise, low dis­
tortion, and wide dynamic range field effect amplifiers. 
Overall gain is in-the order of +25 dB with a noise 
figure less than 5 dB. The gain figure is required 
to make up losses that are built up in front end band­
pass filters and mixer stages. The noise figure pro­
vides receiver overall sensitivity. Low distortion 
assures that interfering signals that pass through the 
front end bandpass filter will not cause distortion 
products to fall within the final bandpass of the re­
ceiver; 
4) First Mixer - This is a lqw noise, high efficiency, 
double balanced mixer. Low noise will provide a good 
receiver sensitivity. The balanced feature provides 
lower loss conversion than a conventional diode mixer 
and provides some reduction of distortion products; 
5) First 30 MHz Bandpass Filters - This unit provides 
the first narrow band selectivity by use of a quartz 
crystal lattice filter. Skirt selectivity is even 
better than the input filter.. The frequency is high 
enough that when combined with the input filter very 
good protection from image frequency effects is pro­
vided; 
6) Attenuators - These two are modular double-balanced 
mixers used as electronic attenuators. Each is capa­
ble of at least 33 dB of attenuation in this mode. 
Operation is particularly smooth and without irregu­
larities in the attenuation curve. This makes it pos­
sible to read out accurate attenuation measurements by 
reading the control voltage to the unit. Low noise is 
produced by the device pair when used in the lowest 
loss configuration; 
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7) 	30 MHz Amplifier Stage - This stage is required to
 
build up gain without requiring excessive shielding.
 
The gain obtained at this frequency will not cause
 
instabilities at other gain frequencies. In addition,.
 
it is at a frequency where low noise and high gain may
 
be easily obtained;
 
8) 	Second Mixer - This area and its associated crystal
 
oscillator are quite conventional and are required to
 
reduce the 30 MHz frequency down to 455 kHz;
 
9) 	455-kHz Input Filter - This is the final high selec­
tivity filter. The main purpose of this unit is to
 
provide square skirt selectivity and eliminate adja­
cent channel interference down to a final level of
 
about -170 dBm. The frequency is used because of the
 
excellent filter choice and high state of development
 
at this frequency;
 
10) 	 455-kHz Amplifier - This amplifier is a combination
 
of integrated circuits optimized to operate at the
 
desired signal levels required by the detector and
 
automatic gain control system. At this frequency,
 
the required gain figure is easily obtained without
 
instability problems. Quality amplifiers which are
 
gain stable are easily obtained for this range;
 
11) 	AGC Loop - The elements of the loop are again conven­
tional items of standard miniature components using
 
integrated circuits and similar devices;
 
12) 	 Analog-to-Digital Converter - The requirements for
 
this portion of the receiver depend partially on the
 
required telemetry format and measurement scheme. If
 
analog-to-digital converters will be available else­
where in the telemetry equipment, the output would be
 
normalized to 0 to 5 volts, analog. If converters are
 
not available, the output would be digitalized to 256
 
levels and presented as parallel data on eight paral­
lel output lines. Signals would be cleared by a sync
 
signal from the telemetry encpder. Requirements for
 
this measurement allowing 0.5'dB readings-are easily
 
met by conventional circuitry of types we have used
 
extensively in earlier NASA programs;
 
13) 	 Signal Acquisition Data Blocks - In order that some
 
real-time data as to the condition of signal level and
 
acquisition be available to the ground operator two
 
pieces of receiver data are analyzed. These are the
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signal frequency and the amount of random noise ap­
pearing in the frequency locking channel. If the
 
input signal is within tolerance and the noise level
 
is below a predetermined point, a binary signal will
 
be supplied to the telemetry system indicating the
 
probability of a high quality reading. This datum
 
is not used to cut off the analog-to-digital output
 
so that very low level signal measurement may be
 
made.
 
Approximately outside dimensions of the receiver are 14 cm
 
wide by 19 cm deep and 3.5 cm high. The estimated weight is 1.1
 
kg. The power requirements are estimated to be
 
1) 	Input voltage, 24 ± 0.5 V over required temperature
 
range;
 
2) 	Input current, approximately 100 mA;
 
3) 	Power, 2.4 W.
 
2. 	Four-Channel-Receiver
 
Frequencies 17, 30, 70, and 148 MHz may be employed to evalu­
ate the LOFT using the auxiliary satellite. This section pre­
sents a description of a four-channel receiver with design simi­
lar 	to that of the single channel receiver previously described.
 
The major problem is ground interference since at the lower
 
frequencies interference and spurious signals more severe than
 
at 148 MHz are expected. To minimize these effects, a simple
 
tone or digital coding device may be required.
 
The block diagram for the four-channel receiver is shown in
 
Figure V-48. A brief discussipn of the various blocks follow.
 
In general, all functions of each receiver channel following the
 
multicoupler are identical to those of single channel receivers:
 
1) 	Multicoupler - A selective filter which couples a
 
single line into four band-pass-amplifier units;
 
2) 	Bandpass Filters - Highly selective filters which
 
minimize effects interference from strong earth
 
sources;
 
3) 	RF Amplifiers - Highly linear FET amplifiers designed
 
for 'large input signals and minimum distortion;
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4) 	Second Bandpass Filters - Similar to the filters of 
3). They prevent undesired signals from entering 
the mixer stages and producing spurious outputs; 
5) 	First Mixers - Identical to the first mixers of the
 
single channel receiver;
 
6) 	Diode Switch (High Attenuation) - A single-pole, four­
position electronic switch having low insertion loss
 
(about 2 dB), a very high off leakage (about -130 dB
 
is desirable) and frequency input of 10.7 MHz.
 
Approximate outside dimensions of the receiver are 14 cm wide,
 
19 cm deep, and 5 cm high. The estimated weight is 1.8 kg. Power
 
requirements are estimated to be the following:
 
1) Input voltage, 24 ± 0.05 V over required temperature 
range; 
2) Input current, approximately 140 mA; 
3) Power, 3.36 W. 
3. 	Auxiliary Satellite Transmitter
 
The 	primary requirement of the AUX transmitter should be sim­
ple, straightforward, efficient, lightweight, "and reliable. Of
 
secondary interest is the inclusion of some anti-interference
 
system. A minimum of parts of previous reliability is desired.
 
A minimum ERP of 100 mW is required. This power level is assumed
 
sufficient for 200 km range. The coding system bandwidth is less'
 
than about 2 kHz and makes suitable allowance for any Doppler ef­
fects. A narrowband signal coding system is desirable for effects
 
of undesired earth signals. (AUX frequencies are in heavy use on
 
earth). Transmission of the four measurement frequencies could
 
be conducted in sequence by switching between transmitters.
 
The transmitter block diagram is shown in Figure V-49. A
 
brief discussion of the various blocks follows:
 
1) 	Oscillators - One or more simple single channel,
 
overtone mode, crystal oscillators for frequency of
 
each transmitter channel;
 
2) 	Amplifiers - RF power amplifiers, each tuned to the
 
desired frequency, provided for each channel. This
 
is preferable to use of broadband amplifiers because
 
of distortion product output resulting from a single
 
wideband amplifier.
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Figure V-49 AUX Transmitter 
The amplifiers would operate Class C with efficien­
cies of 40 to 70% and power gain of about 10 dB per 
stage. An amplitude modulation capability is made 
for each amplifier. 
3) Frequency Multicoupler - A filter device for multiple 
frequency transmitter that allows each channel ampli­
fier to be put on the same output line without switch­
ing and without disturbance to the VSWR of the line; 
4) Two-Tone Oscillator - Is a straightforward audio fre­
quency oscillator pair which allows the transmitter 
to be modulated by a simple tone pair, not easily 
mistaken for a heterodyne. .Use of amplitude modula­
tion would allow the regular receiver to decode the 
correct signal for use as an AGC control signal; 
5) Modulator - A conventional audio frequency unit 
which modulates RF amplifiers; 
6) Power Switching - A solid-state relay used to provide 
output on one channel at a time; 
7) Power Supply - A unit to provide power to the trans­
mitter under conditions of a wide bus voltage varia­
tion. An output monitor voltage to keep power flow 
to the antenna constant to about 0.05%. 
4. 	Radiometer Receiver
 
An ideal receiver that uses stellar radio sources for beam
 
measurement would be fully automatic, highly stable, reliable,
 
free from interference problems, and capable of a wide range of
 
beam gain readings. All these elements are not compatible since
 
for example, the plurality of space sources vary considerably in
 
power levels. Further broadband receivers are required to give
 
realistic signal integration times (for low-level signals);
 
these, however, are highly susceptible to contamination by earth
 
radio noise. A suitable design compromise might be moderately
 
narrowband, very low noise, self-calibrating, reliable, and in­
clude a remote frequency shift capability. The following cri­
teria were imposed for the radiometer design:
 
1) 	100 kHz IF system;
 
2) 	Minimum 10 sec integration time for calibration and
 
signal outputs;
 
3) 	A 30-dB dynamic range AGC system in the receiver.
 
This assumes a (reasonable) receiver noise of 2 dB,
 
and an absolute sensitivity of -174.3 dBm/Hz;
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4) Triple conversion; 
5) A highly stable, temperature controlled, reference 
load. 
This receiver is a triple conversion, self-calibrated, noise
 
integrating receiver of straightforward design. Low noise fig­
ures without cryogenic cooling are possible with modern circuit
 
elements. Idealized bandpass conditions may be approached close­
ly by modern filter design.
 
The receiver periodically switches the antenna input to the
 
reference standard temperature load. An output switch is used
 
to shift the output of the envelope detector to the calibration
 
loop. Two balanced modulators are used in series, one to cali­
brate the gain and the other as an AGC element. Thus, when the
 
receiver is in the calibration condition, the noise output from
 
the standard load is detected and the output integrated. The
 
calibration integrator output is applied to the calibration at­
tenuator to standardize the receiver gain. When the receiver is
 
receiving an external noise signal, the calibration integrator
 
is disconnected.
 
The switched AGC loop is similar to the calibration loop,
 
but is reset to a standard gain during calibration loop opera­
tion. During signal time periods, it provides feedback for
 
logarithmic receiver output. Sync switches are electronically
 
switched diodes. The design is conventional except for the first
 
switch, which may require temperature stablization. The ideal­
ized bandpass for these elements is square with very good skirt
 
selectivity to provide good isolation from cross modulation ef­
fects and spurious signals and introduce little noise into the
 
system.
 
The input RF stage is critical for low receiver noise figures
 
and anticipates use of a FET. The front end, including this
 
stage and mixer should be isolated in a separate cell near the
 
antenna output, and cooled to lowest possible temperature.
 
For low noise levels, the mixer and bandpass filters (with­
out cryogenic) must be highly efficient. All devices must be
 
matched correctly, losses low and conversion achieved by a bal­
anced, low noise diode mixer. Any further filters will serve to
 
prevent spurious signals from entering the envelope detector.
 
Gain stages serve to provide the gain levels of Figure V-50. All
 
will be conventional integrated circuits. IF frequencies will
 
be staggered enough to prevent feedback problems and difficult
 
or heavy shielding problems.
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The integrator stages are of the long-term integrated and hold
 
type with integration times in excess of 10 sec. The frequency
 
correction loop is included only if a CW sigfial was used. In
 
this case, the last IF stage would be'made much more selective
 
(e.g., 1 Hz) and the signal acquired then held against Doppler
 
shifts with this stage. In the case of a full noise type receiver,
 
this stage has no function.
 
The parameters of this three-box unit are as follows:
 
1) Reference load, 2.5x2.5x2.5 cm; 
2) Mixer-front end, 2.5x2.5x7.5 cm; 
3) IF-integrator package, 12.5xl5.0x4.5 cm; 
4) Weight, estimated 3.0 kg; 
5) Power -
Input voltage: 24 V,, 
Input current: 200 mA (100 mA for heaters and heater 
circuitry), 
Power: 4.8 W. 
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VI. INSTRUMENTATION STUDIES
 
A. INTRODUCTION
 
In addition to the studies associated with the definition of
 
contour and radiation pattern measurement systems, it was neces­
sary to perform several other investigations during the study
 
period. These studies were concerned with the detailed instru­
mentation techniques, the visual coverage problem, and finally a
 
study to select the contour measurement system.
 
The individual measurements required for the LOFT system are
 
for the most part easily implemented. In general, they consist
 
of bilevel signals, potentiometer or strain gage-type transducers.
 
However, the measurements of forces, acceleration, and antenna
 
structure temperature are not straightforward. The measurement
 
ranges and the constraints imposed by the structure present some
 
rather serious problems. Therefore, a study of these special re­
quirements along with possible alternative solutions were neces­
sary.
 
A study of the possible solutionsito the problem of obtaining
 
visual coverage during and after deployment was also included
 
under the topic of instrumentation studies. The possible arrange­
ments for television and facsimile cameras were considere4 along
 
with such special techniques as fiber optics and mirror systems.
 
This study effort also included investigations of the basic prob­
lem of viewing the antenna structure in a simulated space environ­
ment.
 
To have some basis for the final selection of a contour mea­
surement system, it was necessary to perform a trade study. The
 
selection of the various tradeoff parameters as well as the study
 
results are included as a part of the instrumentation studies.
 
B. UNIQUE MEASUREMENT REQUIREMENTS FOR LOFT
 
Certain measurements required during the LOFT mission are
 
unique because of peculiar installation problems or the required
 
measurement range.
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The physical size of available antenna structure, proposed
 
deployment systems, and expected measurement ranges presents some
 
formidable problems that must be solved during the system design.
 
As previously discussed, the antenna consists of a net structure,
 
along with a reflector material. The structure portion consists
 
of 240 meridinals and 40 circumferentials 0.012 mm x 0.125 cm
 
wide. The reflector material will be aluminized Kapton 0.006 mm
 
thick x 0.25 cm wide. The physical shape of the reflector will
 
be a grid work approximately 7.25 cm square. The problem becomes
 
clear, if it is now assumed that instruments must be mounted and
 
wired to this structure. Furthermore, because this structure
 
must be stored on a toroid roller, the problem becomes even mqre
 
complex.
 
The situation outlined above for the antenna structure is es­
sentially the same for the front and back stay areas. The pro­
posed stay material is 0.006 mm x 0.25 cm wide and is also stored
 
before deployment.
 
Problems with measurement range may be anticipated because
 
the forces involved on the structures described above must be
 
relatively small to keep the member stress within allowable limits.
 
From the above discussion, it may be concluded that those
 
measurements associated with the LOFT structure will require spe­
cial consideration. Therefore, in the following paragraphs, the
 
requirements, along with proposed solutions for the unique mea­
surements, will be discussed.
 
1. Temperature Measurements
 
The temperature gradients over the antenna structure will
 
contribute significantly to the overall reflector contour error.,
 
Instrumentation of this parameter is, therefore, necessary to
 
verify analytical models for both the 50- and 1500-m configura­
tions. The alternative approaches considered for temperature
 
monitoring are:
 
1) Temperature sensitive coatings; 
2) Vacuum deposited temperaturesensors; 
3) Incorporation of thermocouple material into the basic 
net structure; 
4) Infrared sensing; 
5) Monitor simulated structure; 
6) Calculated temperature. 
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The methods that appear most promising are vacuum-deposited tem­
perature sensors and incorporation of thermocouple material into
 
the basic structure.
 
a. Temperature Sensitive Coatings - A material manufactured
 
by the Vari-Light Corporation called "liquid crystal" has the
 
property of changing color with temperature variations. Liquid
 
crystals are chemicals that have properties that make them appear
 
somewhat like both a liquid and a crystal at certain temperatures.
 
Under these conditions, the liquid crystal materials have the
 
Tunique property of scattering light of various colors over a spe­
cific temperature range. The color of the material varies with
 
temperature within the specified range. Because this process is
 
reversible and the color change is very sensitive to small tem­
perature changes, liquid crystals are useful for precise tempera­
ture measurement when they are applied as a thin coating to the
 
surface to be tested.
 
The original idea in considering this material was that
 
if feasible it would be applied to the antenna structure in vari­
ous patterns. The temperature of the structure would then be de­
termined by patterns generated as a function of the structure
 
temperature. A small sample of this material was purchased for
 
evaluation by the Martin Marietta Materials Laboratory. The re­
sults of the evaluation are:
 
1) 	Material performs as specified by vendor;
 
2) 	Vacuum conditions do not appear to affect material;
 
3) 	Material requires a black background;
 
4) 	Material has an oily, parafin-like consistency, es­
pecially near transition temperatures.
 
Additional investigations were recommended by the materials
 
laboratory in the event that this approach was selected. This ad­
ditional study would include the following:
 
i) 	Investigate long-term operation in vacuum environ­
ment;
 
2) 	Investigate possibility of protective coatings;
 
3) 	Investigate the feasibility of incorporating-material
 
into the thin films during fabrication.
 
Although this approach proved to be interesting and unique,
 
it had several significant disadvantages:
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1) A black background is necessary for proper definition 
of color changes; 
2) An extensive test program would be necessary to 
verify that the material can withstand space en­
vironments; 
3) Temperature could not be measured during eclipse. 
b. Vacuum Deposited Temperature Sensors - The process of de­
positing circuits on thin film layers has been successful in the
 
construction of microcircuit elements for sometime. This process
 
has also been used by several agencies (Ref VI-l) to generate
 
thermocouples and temperature-sensitive resistive elements on
 
thin film materials. An example of the application of this tech­
nique is shown in Figure VI-l. This particular thin film thermo­
couple is used to sense stray energy levels in an ordnance de­
vice. If this.process could be used with the reflector and stay
 
materials proposed for LOFT, temperature sensors could be deposited
 
directly on the antenna surface.
 
Based on the information available, this approach appears
 
to be feasible. However, additional investigations will-be neces­
sary to apply the techniques directly to the LOFT problem. The
 
problems of lead attachment, lead materials, and circuit isola­
tion, in particular, will require study before satisfactory solu­
tions can be formulated.
 
c. Incorporation of Thermocouple Material into Net Structures -
Another possible alternative approach would be to select a mater­
ial that when joined with the normal net structure would result
 
in the formation of a thermocouple junction. This material could
 
be built into the basic structure and electrically isolated except
 
at the point where the thermocouple junction is required.
 
This approach would perhaps be the simplest and most di­
rect method for monitoring the net structure temperatures. There­
fore, it is recommended that the feasibility of this method be
 
included in future configuration studies.
 
d. Infrared Sensing - A surface radiates infrared energy in
 
proportion to its temperature. In addition to temperature, the
 
amount of infrared energy given off will be affected by the char­
acteristics of the surface or its emissivity.- At a given tempera­
ture, a black body, for instance, will give off somewhat more
 
infrared than a reflective surface at the same temperature..
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The application of infrared techniques to this particular
 
problem would be difficult for several reasons. The first is the
 
nature of the material surfaces. Because the surfaces will, in
 
general, be highly reflective, special calibration techniques
 
would be required to compensate for the emissivity. In addition,
 
it would be necessary to correct for the reflected energy.
 
Another problem that must be considered in this approach is the
 
ratio of exposed area to total viewing area. Additional problems
 
may be anticipated if the sensor is located near the top of the
 
mast. This location incidently would be desirable to avoid the
 
ambiguity encountered if the sensor is located in the center sec­
tion. The ratio of exposed area to viewing area would vary de­
pending on the reflector configuration, but would be no greater
 
than approximately 0.13. This means that 87 percent of the view
 
would be space. This fact, plus the fact that the ratio will
 
vary as the antenna structure moves, would prevent accurate mea­
surement of the surface temperature.
 
e. Monitor Simulated Structure - Another alternative involves
 
a technique that would preclude the expected attachment and wiring
 
problems to areas on the net and stays. In this approach, the
 
structure would be simulated by the same materials located near
 
the central instrumentation modules. This method would allow use
 
of conventional temperature sensors and wiring techniques. The
 
resulting data would be used as the basis for predictions of the
 
actual antenna temperature distributions.
 
The disadvantage of this method is rather serious, in
 
that the temperatures obtained would be influenced by the radia­
tion of the central module, unless the sensors are located at
 
least 10 module diameters from the rotational axis of LOFT. Thus,
 
it would be difficult, if not impossible, to predict the antenna
 
structure temperatures from the data obtained using the simulated
 
structure.
 
f. Calculate Temperature - The possibility of obtaining the
 
temperature profile by analytical methods was considered as another
 
alternative solution. This approach would obviously preclude all
 
installation problems. However, it would require generation of
 
some rather lengthy computer programs. At first this approach
 
appeared to be rather straightforward. Since it was assumed that
 
all necessary parameters were available for calculating structure
 
temperature, the only remaining problem was the implementation of
 
the necessary computer programs.
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However, a more detailed analysis indicated that consid­
erable uncertainty can be expected in some of the parameters.
 
For example, the degree of reflector twist must be known with
 
fairly high accuracy. The ratio of surface'absorptivity (a) to
 
surface emissivity (E) must also be known tith sothe degree of ac­
curacy. In actual practice, neither of these can be accurately
 
specified; both will vary with time and temperature. Because of
 
these uncertainties, it will be necessary to make temperature
 
checks of the antenna structure. Thus, the analytical method
 
forces the implementation of a temperature monitoring system.
 
2. Stay Forces
 
The forces that will exist in the front and rear stay will be
 
extremely low. For example, Astro Research estimates that the
 
total mast compression force due to the front stays will be ap­
proximately 0.28 N (1.0 oz). If this force is then divided over
 
3 N
240 members, the average force per stay would be 2.3 x 10­
(1/120 oz).
 
Measurements of forces in this range will be difficult, if
 
not impossible, with the constraints imposed by the LOFT design
 
and mission requirements. Therefore, the recommended approach
 
for the measurement would be to calculate the average stay force
 
from mast compression force data. The various methods considered
 
during the study are:
 
1) Development of special transducers; 
2) Vacuum deposited strain gages; 
3) Stay motor torque; 
4) Calculate average stay force from mast compression 
force. 
a. Development of Special Transducers - The most direct apr
 
proach to this problem would appear to be the development of spe­
cial transducers with sufficient sensitivity to measure the ex­
pected forces. This approach however has several disadvantages.
 
'First, since the majority of the antenna structure is stored, a
 
transducer located on the structure would create a serious prob­
lem during manufacturing and then during actual deployment. The
 
second problem is the fact that transducers for measuring forces
 
of this magnitude are not available. Therefore, a development
 
program would be required before such units could be made availa­
ble. In fact, before consideration of a development program it
 
would be necessary to conduct a feasibility study to determine if
 
such units could be developed in the allocated time period.
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b. Vacuum Deposited Strain Gages - This approach is similar
 
to that previously described except that strain gage material is
 
deposited on the thin film. The total gage length would be suf­
ficient to give adequate signal levels for the expected strains.
 
The strain gage installation would be performed on selected stays.
 
These stays would be calibrated before installation around the
 
circumference. To alleviate the expected voltage drop, the gages
 
would be located near the center of the antenna structure. The
 
problems associated with lead attachment, lead material, and cir­
cuit isolation must also be considered in this approach.
 
c. Stay Motor Torque - A possible alternative solution to
 
obtain a measure of the stay force would be to monitor the stay
 
motor torque. In this method, the total stay force is determined
 
as a function of the torque required to move the stay assembly.
 
The torque could be measured directly from the motor assembly or
 
the motor current could be used as a measure of the motor torque.
 
This approach will result in a measure of the total stay force
 
and will not reflect the distribution of stay forces. However,
 
because this method is easily implemented, it could be used with
 
one of the other methods;
 
d. Average Stay Force from Mast Compression Force - Another
 
indirect approach is to calculate the average stay force from the
 
mast compression force. This approach is rather attractive be­
cause it would eliminate the problems associated with locating
 
transducers and wiring on the stay structures.
 
3. Forces on Mast
 
The requirement for measuring the compression force on the
 
mast was specified during the configuration meetings held at NASA
 
Goddard. In addition to this requirement, further investigations
 
indicate that data on the lateral mast forces would be-desirable.
 
As pointed out in the previous discussion, the compression force
 
is due primarily to the tension forces in the front stays. There­
fore, a measure of this force is essentially a measure of the
 
stay forces.
 
Based on preliminary vendor information, force-measuring
 
transducers could be supplied for this application. However,
 
some development would be required.
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Any force-measuring system must be protected before launch
 
and during the boost phase, otherwise excessive forces will dam­
age the transducers. In addition, if the accelerations during
 
mast deployment are sufficiently high, the transducers will re­
quire protection until the mast is fully deployed. A promising
 
configuration for measuring the forces on the mast is showh in
 
Figure VI-2. This configuration consists of six force-measuring
 
members pin-connected from the mass located at the top of the
 
mast. The mechanism is so designed that the force-measuring mem­
bers are isolated until deployment is completed. The resulting
 
forces are resolved into orthogonal components that become a meas­
ure of the compressive and lateral forces acting on the mast.
 
Configuration during Configuration after
 
Prelaunch and Boost Deployment
 
Force Sensing
 
Members
 
Figure VI-2 Configuration for Mast Force Measurement
 
This approach has several other advantages. They are:
 
1) A measure of mast acceleration is possible if the
 
total mass at the top of the mast is known. This
 
may be shown by considering the following:
 
Since: F = Ma 
F
 
M
 
or, a = KF 
Then, if F is known as a function of time, and K (a
 
constant) is also known, it follows that the accele­
ration is also known.
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2) 	From this configuration, a measurement of mast dis­
placement is also possible. Consider from the de­
velopment above, if
 
a(t) = K F(t) 
Then:
 
S(t) = K ff F(t)dt 
Therefore, given force data as a function of time and
 
accurate knowledge of the mass, displacement as a
 
function time may be derived by double integrating
 
the force data. The double integration process may
 
be implemented by using either a recursive or nonre­
cursive digital filter.
 
4. 	Mast Movement
 
A measurement of mast movement is required for several reasons.
 
First, this information is needed as design data for future sys­
tems. Secondly, because the mast movement will be reflected in
 
the contour measurements, the information is required to correct
 
the contour data. The most promising solution for the measurement
 
appears to be the optical measurement system. The data from this
 
system can be applied directly to the contour data without inter­
mediate computer operations. Some of the other methods discussed
 
below will be required for reasons other than mast movement, there­
fore, these data could be used if necessary. The alternative so­
lutions investigated for this measurement are:
 
1) 	Optical measurement;
 
2) 	Accelerometers;
 
3) 	Rate gyros;
 
4) 	Measure mast forces;
 
5) 	SCADS;
 
6) 	Facsimile camera.
 
a. Optical Measurement - This method is outlined in detail
 
in the optical measurement techniques section. The method con­
sists essentially of determining the mast position by using a
 
laser beam along with a set of photodiodes. By monitoring the
 
output of the diode array, the time history of mast position may
 
be derived. If a laser system is used for the contour measure­
ment system, the same laser could be used for the mast movement
 
system.
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b. Accelerometers - Another approach to the measurement of
 
mast displacement is to install accelerometers on the top of the
 
mast. The major problem with this method is the lack of low
 
range transducers.
 
The fact that dc response is necessary, rules out piezo­
electric-type units because their lowest response is usually spec­
ified to be approximately 2 Hz.
 
Even though accelerometers meeting the requirements are
 
not currently available, several vendors have stated that such
 
units could be developed in a relatively short-time. For example,
 
United Control Corporation is now developing a unit for the Apollo
 
program that is similar to that required for LOFT. The unit will
 
have a range of ±0.056 g and a frequency response of dc to 10 Hz.
 
This unit will be flight-qualified to the Apollo environment,
 
which could be similar to that expected for LOFT. The problem
 
of accelerometer range may be demonstrated as follows: If an ac­
celerometer is located 30 cm from the spin axis, the acceleration
 
due to the normal spin rate would be
 
2
 
v
2 (3w) 2
 
a = = 0.330
r 30
 
a 0.003 g 
If we now assume that the mast is moving over a range of ±7 cm
 
at a rate 4 times the normal spin rate, then
 
Amplitude (t) = 7 sin 4(f0)t 
= (amp) 28 2 sin I2r t 
a=--- -( si5t 
a 0.012 g
max
 
Based on these data, two different range accelerometers
 
would be required to adequately cover the expected ranges. This
 
problem would be solved by using the lowest range unit with a
 
cutoff frequency slightly above the spin rate. The higher range
 
unit would cutoff above the fourth mode frequency.
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c. Rate Gyros - Another possible approach to measuring mast
 
movement is to use rate gyros. The rate gyros would be aligned
 
to the spin axis and any movement relative to this reference
 
would be reflected at the output as angular displacement.
 
A subminiature-type unit would be recommended tor this
 
application. These units generally have the following physical
 
characteristics:
 
Size: 2.5 cm diam x 6.0 cm long.
 
Weight: approximately 0.6 kg.
 
Instrumentation gyros of this type suitable for the LOFT
 
application are available from the following vendors: Honeywell,
 
Reeves, Nortronics, U. S. Time, and Kearfott.
 
d. Measure Mast Forces - This alternative was discussed under
 
the paragraphs covering forces on the mast. Briefly, the method
 
consists of measuring the mast forces and then performing the
 
necessary digital integration to obtain mast displacement as a
 
function of time.
 
e. SCADS - A system for determining the attitude of the LOFT
 
system has been specified by NASA Goddard. This system will de­
termine the attitude of the spin axis to within 10-arc-sec. In
 
addition to dc attitude, the SCADS system is capable of indicat­
ing coning or changes of attitude as a function of time.
 
f. Facsimile Camera - The facsimile camera system could also
 
be used to monitor mast deflection. The angular scanned picture
 
produced by the system results in a series of straight lines. A
 
number of these may be associated with the circumferentials where
 
targets are located. If the position of the camera is fixed
 
ideally, then the circumferential targets would be approximately
 
in line on the facsimile picture. If the camera is offset because
 
of mast deflection, the resulting picture of the circumferential
 
targets would appear as a sine wave. The amplitude of this wave
 
could then be related to mast deflection.
 
5. Transmission of Signals from Remote Area
 
Another problem associated with instrumenting the LOFT system
 
is that of transmitting signals from remote areas to the center
 
of the.structure. If instrumentation is required in these areas,
 
the rim for example, serious problems with the physical installa­
tion, as well as with signal-voltage drop, can be expected. The
 
possible alternative solutions considered for this problem are
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conventional wiring, vacuum-deposited circuits, and remote trans­
mitters. The final selection of an approach to this problem is
 
contingent on the results of configuration studies. The method
 
that appears most promising at this time is the one that incor­
porates remote transmitters.
 
a. Conventional Wiring - The most direct approach would be
 
to use conventional wiring techniques. However, wiring would
 
create problems in the design of the LOFT system. The structure
 
must be stored on reels and on the toroid, therefore, the require­
ment for conventional wiring would necessarily complicate the de­
sign. However, if conventional wiring is required in the design
 
for rim torquing currents, for example, this method should be
 
pursued by considering additional capability.
 
b. Vacuum-Deposited Circuits - The use of the vacuum-deposit
 
process appears to be a possible solution to this problem. This
 
is especially true if the instruments are not located too far
 
from the center section. Transmission circuits could be deposited
 
on the Kapton stays or reflector and routed to the data system.
 
The deposit would be sufficiently thick to preclude voltage drop
 
problems. Lead isolation is a potential problem area, but if the
 
process proves feasible, this problem could be solved by using
 
thin film insulation.
 
c. Remote Transmitters - Another alternative for remote 
sensing is a low-power transmitter located on or near the rim 
mass. This assumes that instrumentation circuits are located at 
the rim. In this case, the data signal would modulate VCOs, which, 
after mixing, would modulate a low-power transmitter operating 
in the range of 400 MHz. The rf signal would be routed to a re­
ceiver located at the center section of the antenna. The output 
of the receiver could either be processed before transmission or 
transmitted directly via a subcarrier. The VCO for-such a sys­
tem would be approximately 2.0x2,OxO.9 cm and would weigh about 
4.0 g. The transmitters would be approximately 2.5x3.8xl.2 cm
 
and weigh approximately 6.0 g.... .
 
A problem associated with this approach is that of provid­
ing power to the system. If the data will be required for only a
 
short time, then battery power could be used. If, however, data
 
are required for extended periods, a more complex power system
 
must be considered. The use of a small solar array is a possi­
bility if data signals are not required during eclipse periods.
 
Another approach that could prove promising is the use of a micro­
wave beam to transmit power to the remote system. Recent experi­
ments (Ref VI-2) indicate that this technique is feasible for a
 
variety of applications. Therefore, this method should be included
 
in future studies et remrte sensing.
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C. VISUAL COVERAGE STUDIES
 
The studies devoted,to visual coverage considered: (1) the
 
problems associated with viewing a filamentary structure in space,
 
and (2) the selection of a system for.the 50-m-diameter orbital
 
LOFT.
 
1. Visual Coverage
 
During the preliminary studies of visual techniques, the
 
question as to what would be seen in a space environment was
 
raised repeatedly. To answer this question, photographs and
 
television observations were made of a simulated reflector struc­
ture.
 
The simulated reflector structure was constructed from 0.025
 
mm aluminized Mylar. The cqnstruction procedure used was similar
 
to that proposed by Astro Research. A pattern of slits, 15 cm
 
long and 0.25 cm apart, were cut in a Mylar strip. The size of
 
the strip and number of slits was such that when the structure
 
was expanded a 1.2x1.2 m simulated reflector could be obtained.
 
This procedure is depicted in Figure VI-3. In Figure VI-3(a-),
 
a,sample of the strip is shown before expansion. By pulling the
 
strip apart, as shown in Figure VI-3(b), the simulated reflector
 
structure is developed. The final operation was to mount the
 
simulated structure on a wooden framework. This was necessary
 
to maintain the correct shape qnd to facilitate handling. In
 
addition to the visual observations, the structure was also used
 
in a number of rf tests.
 
In an effort to approach a space environment, the back of the
 
structure was covered with a black cloth. Optical targets were
 
then located across the front of the structure. The targets were
 
approximately 2-, 3-, and 5-mm-diameter Teflon balls.
 
The results shown in Figures VI-4 and VI-5 indicate that ob­
servations of the simulated structure without optical targets is
 
very difficult and nearly impossible if the view. is normal to thp
 
surface (Fig. VI-4). As the view angle is increased the degree'
 
of observation becomes somewhat better because more of the antenna
 
surface ip available for light reflection. However, the results
 
indicated~that this angle must be increased to approximately 1500
 
before satisfactory observations can be obtained (Fig. V-1I-5).
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(a) Sample Strip before Expansion 
(b) Strip Pulled Apart
 
Figure VI-3 Procedure Required to Develop Reflector Mockup
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Figure VI-4 View Normal to Simulated Reflector Structure
 
Figure VI-5 View When Reflector Surface is Approximately 1500 from Line of Sight
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On the basis of this preliminary data the following recommen­
dations were made:
 
1) Optical targets should be included in the reflector 
design; 
2) Since this mockup was necessarily crude, additional 
studies using a sector of the antenna along with a 
simulated sun source should be initiated. This sec­
tor would be dimensionally the same as the 50-m unit. 
Cameras then positioned at appropriate locations 
would result in a more realistic mockup. This addi­
tional effort would also include evaluation of vari­
ous target materials. 
2. Investigation of Visual Coverage Methods
 
The desired visual observations during and after the deploy­
ment phase are outlined as follows:
 
1) During deployment ­
a) Rim mass release,
 
b) Mast,
 
c) Front/back stays,
 
d) Reflector net and toroid;
 
e) Feed deployment;
 
2) After deployment ­
a) 'Reflector surface,
 
b) Rim mass,
 
c) Stays,
 
d). Mast.
 
During the studies two camera systems were considered for the
 
task of visual coverage. These were the facsimile and television
 
camera systems. In the initial investigations a number of arrange­
ments using television cameras were considered. Some of these al­
ternatives were as follows:
 
1) It was originally thought that possibly one camera
 
along with a system of fiber optics could be used to
 
provide the necessary coverage. This approach was,
 
however, discarded because adequate coverage of all
 
areas was not possible with one camera, and the ap­
plication of fiber optics to the LOFT problem did
 
not appear feasible.
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2) 	 The next approach was to use Lwo tArnei as, betf lc'cteo 
near the midsection. During initial deployment the
 
cameras would view the toroid area and then the anten­
na structure. The objective in this method was to
 
satisfy the objectives without lo'cating cameras on the
 
mast, This arrangement, however, again did not prove
 
adequate. The view of the antenna surface would be
 
extremely flat with little or no depth perception.
 
3) 	One camera was located on the top of the mast and
 
another unit was located near the midsection. The
 
first camera was used for observations of the antenna,
 
while the remaining unit viewed the toroid area. The
 
objection to this arrangement was that coverage of
 
the deployed surface could not be obtained without a
 
pan/tilt system. This condition is depicted in Fig­
ure VI-6. This added feature requires additional
 
weight and system complexity for implementation.
 
On the basis of the results obtained using these initial al­
ternatiyes, it was concluded that more than one camera must be
 
used since coverage of the antenna surface was found to be im­
practical with only one television camera.
 
At this point, the facsimile camera was considered as a pos­
sible solution, particularly for the problem of viewing the an­
tenna surface. The layout shown in Figure VI-7 indicates that
 
the unit is well suited for the task. The figure shows the unit
 
provides complete coverage of the surface from approximately the
 
50% radius to the rim. The size and weight of the unit are less
 
than the television camera. This fact again makes. the unit much
 
more desirable than the television camera. In addition to the
 
coverage of the antenna surface, coverage of the toroid area
 
could be provided: if the mast were raised 0.5 to 1.0 m during ini­
tial deployment. Another possible feature of the facsimile camera
 
would be the capability to provide annular pictures of various
 
diameters of the reflector net as the mast is extended. As the
 
mast is e,&ended, programed pauses would allow complete inspection
 
of the antenna surface. Thus, in additidn to its primary function,
 
the facsimile camera could be used to provide coverage of several
 
different phases of deployment.
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Figure VI-6 View from Top of Mast Using One Television Camera with 12.7 mm Lens
 
(39x53' Field of View)
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Legend:
rn Gaps on coverage caused
 
by mast longerons.
 
, IZO yp 
L 4 o20 (rTYP) 
/(APPPOX) 
Figure VI-? View Using Facsimile Camera System with 27x360' Coverage
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A possible alternative to the facsimile camera approach was
 
suggested during the midterm review. This method would use a
 
television camera along with a spherical mirror system to provide
 
coverage of the antenna surface. The result of comparing this
 
approach with the facsimile camera indicated that the facsimile
 
camera has several advantages. The facsimile camera can provide
 
better coverage of the toroid area. In addition, the techniques
 
and hardware for the facsimile camera are essentially developed,
 
or being developed, while the mirror system would require develop­
ment as well as qualification programs.
 
Assuming that the facsimile camera is available for the areas
 
outlined above, the remaining task was to provide coverage of the
 
stay and mast areas during and after deployment. After consider­
ing several alternatives'it was decided to use two television
 
cameras located on the solar panels.-- The other alternatives
 
either were not practica' or-did/not.provide adequate coverage.
 
Typical coverage provided 6y these two units. is -shown in Figure
 
VI-8. The capability to provide adequate coverage of the stays,
 
net, mast, and feed system is provided by two discrete camera
 
positions. In the first position, the objective is to view the
 
stays and net during deployment. The second position will be
 
used to view the mast and feed after complete deployment. As a
 
backup to the facsimile camera, these units could be used early
 
-in the deployment to monitor the operation of the toroid and stays
 
by inserting a mirror to reflect the image up and inward. Later,
 
removal of the mirror from the optical path would permit visual
 
observation of the areas shown in Figure VI-8.
 
The visual coverage system proposed for the LOFT 50-m orbital
 
system will then consist of the following: .
 
1) Facsimile camera mounted near the top of the mast; 
2) Two television cameras mounted on the solar array, 
180' apart. 
a. Facsimile Camera - The facsimile camera proposed for the
 
LOFT instrumentation system is the Minifax camera now being de­
veloped by Philco-Ford. This camera is based on earlier Ranger
 
facsimile cameras and has similar capability. However, the Mini­
fax design incorporates technology advances that will effectively
 
reduce the unit size. The system has the capability to generate
 
a panoramic view, 90' by 360' in approximately 30 sec. For the
 
LOFT application this capability will be reduced to approximately
 
270 by 360. This reduction will allow a complete picture to be
 
generated in about 9 sec. Additional characteristics of the Mini­
fax system are:
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Figure V-8 Typical View from Two Television Cameras Located on Solar 
Panels
 
(39x53' Field of View)
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Size - 2.8 cm diam x 17.8 cm long;
 
Weight - 0.32 kg;
 
Power - 0.9 W;
 
Data Rate - 100 kHz (analog);
 
Resolution - 0.10 ± 0.01.
 
b. Television System - The television system will consist of 
two spaceborne cameras and camera control units. The camera units
 
contain the pickup tube, deflection assembly, video preamplifier,
 
and horizonal deflection and blanking circuits. The camera units
 
are connected to the control units by a single cable assembly.
 
<The control" unit contains the necessary set up controls, vertical
 
deflection generator, synchronizing generator, video processing
 
amplifier, and power converter.
 
The proposed frame rate of 3 frames/sec is somewhat arbi­
trary at this point, because the deployment rates are not clearly
 
defined. This parameter is important in the overall system design
 
because the data rate is directly related to frame rate. The
 
characteristics of the proposed television system may be summa­
rized as follows:
 
Camera size - 6.35 cm diam x 20.3 cm long;
 
Camera weight - 1.13 kg;
 
Control unit size - 9.65x15.2x22.8 cm;
 
Control unit weight - 2.04 kg; 
Power - 12 W;
 
Frame rate - 3 frames/sec;
 
Data rate - 1 MHZ (analog);
 
Resolution - 500 lines.
 
D. CONTOUR SYSTEM TRADEOFF ANALYSIS
 
To establish the basis for selecting a contour system for the
 
LOFT mission a tradeoff study was conducted between the radar and
 
laser system. This study was initiated shortly before the mid­
term review and was continued to the final weeks of the study.
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This continuation was necessary because new and revised informa­
tion altered the results. For example, at the midterm, it ap­
peared that the radar system had a slight edge. However, with
 
additional information and further development, the laser system
 
now appears to be the most satisfactory.
 
The 	factors considered in the analysis were as follows:
 
1) 	Weight; 10) Spacecraft support;
 
2) 	Volume; 11) LOFT modifications;
 
3) 	Power; 12) Corrections required
 
4) 	Cost; for mast deflection;
 
5) 	Development time; 13) Vehicle orientation
 
requirements;
 
6) Range accuracy 14) Sampling rate limita­
7) 	Angular accuracy; tions;
 
8) 	Modifications to in- 15) Feed blockage;
 
crease range; 16) Additional capability.
 
9) 	Contributions to the
 
stability problem;
 
A description of the above factors, where it is required,
 
along with pertinent data for each system is outlined as follows:
 
Weight, Volume, and Power - These factors are self explana­
tory. The ideal system would minimize each factor. The data
 
for each system are tabulated.
 
Factor 	 Radar Laser
 
weight (kg)* 14.1 	 15.5
 
volume (cm3) 7 x 103 98 x 103
 
power (W) 30 	 35
 
*Va'ues are estimated totals including struc­
tural assemblies.
 
Cost and Development Time - The estimated cost and develop­
ment time for each system is tabulated.
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Factor Radar Laser
 
cost ($M)* 1.705 1.475
 
Development Time (mo) 30 24
 
*Total program cost including development,
 
prototype, qualification, and flight hardware.
 
Range and Angular Accuracy - The requirement for range accu­
racy was specified as ±6 mm. Angular accuracy was not ppecified,
 
but since it is desirable and can be provided by the laser system
 
it was included in the analysis. Both systems can provide the
 
required ±6 rmm accuracy. The radar system does not provide angu­
lar measurement capability.
 
Modifications to Increase Range - One of the objectives of
 
the study was to obtain data for extrapolation to larger models.
 
Therefore, consideration was given to the problem of using the
 
selected system on future missiqns. The laser system could be
 
used to measure increased ranges with only minor modifications,
 
while the radar system would require relatively major modifica­
tions.
 
Contribution to Stability Problem - The factor is closely
 
related to system weight, but was included so that a system would
 
not be penalized for weight not located on the top of the mast.
 
As it turned out, both systems require that all weight be located
 
on the mast. Therefore, the weight factor for each may be used
 
in place of this parameter.
 
Spacecraft Support - This factor is required to evaluate any
 
special requirements imposed by. the two systems. The analysis
 
indicates that the support required for each will be essentially
 
the same. The control and data handling requirements for the
 
radar system, however, appear to be somewhat simpler to incorporate
 
than those required by the laser system.
 
LOFT Modifications - This factor considers the modificatipns,
 
especially on the antenna stracture, that would be required to
 
imp~ement each system. The radar system would use small dipoles
 
mounted on the reflector structure at intersections of the reflec­
tor conductor. The laser system would use small, 1-mm diam-corner
 
cubes arranged in a geometric pattern. The approach proposed by
 
the radar system appears to be easier to implement and would have
 
the least effect on the proposed design.
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Corrections Required for Mast Deflections - It was originally
 
thought that one or both systems could correct for the mast de­
flection. This approach, however, did not prove feasible and was
 
discarded in favor of ground computer corrections. The other
 
factor considered was the operation of the system when mast de­
flections are present. Both have been designed to operate under
 
all such conditions. Therefore, both systems must be evaluated
 
equally as far as this factor is concerned.
 
Vehicle Orientation Requirements - The possibility that vari­
ous vehicle orientations might disable the contour system was an
 
important factor in the analysis. In fact, an earlier system
 
(facsimile camera) was deleted because under certain conditions
 
the system was inoperable. The radar system is not limited by
 
vehicle orientation. The laser system could, under some condi­
tions, fail to range to a few targets. This condition would
 
occur if the sun were located in back of the antenna.
 
Sampling Rate Limitations - During the initial studies, both
 
systems appeared to have difficplty achieving the proposed 5 sps
 
requirement. It was on this basis that this paiticular factor
 
was included in the tradeoff analysis. However, additional studies
 
indicate that neither system will have difficulty achieving this
 
rate.
 
Feed Blockage - This item was added to the analysis as a re­
sult of initial radar system layouts. The projected area of the
 
36 horns could present a problem for the antenna feed system.
 
However, the proposed arrangement for the laser mirror system
 
presents a similar problem.: The evaluation of this factor was
 
then only slightly in favor of the laser system.
 
Additional capability - This factor is included to evaluate
 
the capability that may be included with the basic system, with
 
only minor changes. The laser system also provides the angular
 
measurement capability. Conversely, the radar system provides
 
no additional capability. Therefore, the evaluation of this
 
parameter must be heavily in favor of the laser system.
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Each of the above factors were assigned weights and then
 
these weights were distributed as shown in Table VI-i. Several
 
of the factors were valued equally and could have been deleted
 
from the table. These, however, were'retained for reference.
 
The results indicate that the laser system is somewhat more fa­
vorable, but by only a narrow margin (53 to 47).
 
The next step was to consider the ouststanding features of
 
each system. these appear to favor the laser system. It can
 
provide angular measurement data and the laser beam for the mast
 
movement measurement. Finally, and perhaps the most significant
 
factor is that the system can be easily modified for increased
 
ranges.
 
Therefore, on the basis of the matrix results and on the
 
factors considered above, it was recommended that the laser sys­
tem be used for the task of contour measurement.
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Table VI-I Tradeoff Matrix for Contour System 
Factor Radar Laser 
Tradeoff Factor Weight Value* Weight Value Weight 
Weight 8 14.1 kg 5 15.5 kg 3 
Volume 4 72 x 103 cm3 3 98 x 103 cm3 1 
Power 6 30 W 4 35 W 2 
Cost 6 $1.705 M 2 $1.475 M 4 
Development Time 6 30 mo 2 24 mo 4 
Range Accuracy 8 ±6 mm 4 i6 mm 4 
Angular Accuracy 4 -- 0 4 
Mods Required to Increase 
Range 10 -- 3 7 
Contribution to Stability 
Problem 6 -- 3 -- 3 
Spacecraft Support 6 -- 3 -- 3 
LOFT Modifications 10 -- 6 -- 4 
Corrections Required for 
Mast Deflection 6 - 3 3 
Vehicle Orientation Re­
quirements 8 5 -- 3 
Sampling Rate Limitations 4 >5 sps 2 >5 sps 2 
Feed Blockage 6 -- 2 -- 4 
Additional Capability 2 -- 0 2 
Total 100 47 53 
*Values for parameters are given where applicable. 
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VII. INSTRUMENTATION SYSTEM CONCEPTS
 
A. 50-m ORBITAL SYSTEM
 
The characteristics of various portions of the instrumentation
 
system have been described in previous chapters. The purpose of
 
this chapter is to evaluate the requirements imposed by each of
 
the component systems and determine the optimum method for inte­
grating the individual systems into a total system concept. During
 
the study, both radar and laser systems were considered for the
 
task of measuring antenna contour. The decision to use the laser
 
system was made late in the study. Therefore parallel investiga­
tions were made for each system. Thus, this chapter includes dis­
cussions of both systems.
 
The communications system was not defined in the system de­
scription, because this effort was precluded in the study ground
 
rules. Criteria for this definition were determined in the form
 
of required bandwidth and data bit rate. The visual coverage sys­
tem will require a bandwidth of 1 MHz while the remainder of the
 
system will require the capability to transmit a PCM signal with
 
bit rates as high as 6 kbits/sec.
 
The focal point of the conceptual design is the data acquisi­
tion system. This system integrates the various measurement sub­
systems to form the complete instrumentation system for LOFT.
 
Therefore, after a review of system requirements, the data acquisi­
tion system will be discussed in some detail. This will be fol­
lowed by a description of the data storage and visual coverage
 
systems. The overall system description is then presented in the
 
final subsection.
 
1. Requirements
 
The total system requirements imposed on an instrumentation
 
system may be summarized as follows:
 
1) Provide the capability to monitor designated analog
 
and bilevel signals. This includes the deployment,
 
temperature, structures, and systems measurements dis­
cussed in Chapter III, as well as the beam pattern
 
measurements outlined in Chapter V;
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2) Provide the capability to monitor digital signals from 
the contour systems, SCADS, solar aspect sensors, and 
the spin rate detection system. In addition, the sys­
tem shall provide a binary coded time-of-day or elapsed 
time signal that will be sampled periodically and in­
cluded in the data signal; 
3) Incorporate signals from the television and facsimile 
cameras into the instrumentation system conceptual 
design; 
4) Provide the capability for delayed transmission of 
LOFT data signals; 
5) Provide the necessary peripheral equipment to support 
the instrumentation subsystems. 
2. Data Acquisition System
 
The data acquisition system for the LOFT antenna system must
 
provide the capability to sample a variety of instrumentation sig­
nals and then format these signals into a PCM-NRZL format. The
 
majority of these signals are generated continuously by trans­
ducers, however, some of the signals to be processed will require
 
special provisions. The measurements that require special features
 
will be discussed individually. This will be followed by a-sum­
mary of the more conventional data signals. The beam pattern
 
requirements are included in this latter group because the data
 
signals are analog and bilevel.
 
a. Contour Measurements - Two systems were considered'for the
 
task of making contour measurements.- One system uses radar tech­
niques while the second system is a laser/rotating mirror system.
 
Radar System - The radar system consists of six transmitter/
 
receivers and a 36-horn assemrly located at the top of the mast.
 
Each transmitter/receiver is sequentially switched by microwave
 
diode switches to six antennas located on six different radials.
 
This configuration thus provides instantaneous readings at six
 
points on the antenna. A complete mapping of the surface occurs
 
after six samples are taken. The data acquisition system must
 
provide the capability for initiating the sampling sequence and
 
must also process the resulting range measurements.
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Laser System - The laser contour measuring system consists
 
of a laser along with a scanning mirror assembly. The scanning
 
° 
assembly provides 360 rotation in azimuth. The elevation is con­
trolled by the mirror positions. As the laser beam is directed
 
by the mirror assembly around the antenna, ranging and angular
 
measurement to reflective targets is accomplished. The target
 
acquisition signal is sensed within the laser system and is used
 
to initiate the measurements required for each target. The ac­
quisition signal serves first as a readout pulse for clock angle
 
measurement of target location. Secondly, the signal initiates
 
the target ranging measurement. The loss of this signal again
 
initiates a readout of target clock angle. The initial and final
 
target clock angle measurements are combined in the laser elec­
tronics to give an average azimuth reading for each target, during
 
the acquisition period.
 
One complete mapping of the LOFT antenna surface will
 
consist of a set of 36 individual target readings. Each reading
 
will include the following data:
 
Mean azimuth (13 bits);
 
Target range (10 bits).
 
The data acquisition system must sample these data (one
 
complete mapping) and insert the information into a PCM format at
 
a rate as high as five times per second.
 
b. Solar Aspect Sensors - The measurement of vehicle attitude
 
with respect to the sun may be made using either or both of two
 
possible configurations. One configuration, normally used for
 
spinning vehicles, uses two sensors providing a 180 field of view.
 
Two sensors are required because the field of view of each sensor
 
is approximately 128'. The sensors measure the angle of incident
 
sunlight with respect to the vehicle spin axis when the sun is in
 
a plane normal to the sensor. This event is monitored each revo­
lution. Angular information is acquired only when the command
 
sensor is energized. During this period, the measured angle is
 
read and stored as a binary number.
 
The second configuration, normally used for nonspinning
 
vehicles, uses an array of five sensors -- three are located
 
around the diameter 1200 apart, while the other two are located
 
at the top and bottom of the vehicle. The sensors for this con­
figuration are designed so that the field of view has the shape 
of an inverted pyramid with an angle of 128 0 between opposite 
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faces. This configuration has the distinct advantage of provid­
ing a continuous readout because at least one sensor is always
 
in view of the sun.
 
The first configuration is included in the LOFT instrumen­
tation system because the method is recommended for spinning ve­
hicles. The instrumentation system will be required to sample
 
each of the two sensors at least once every 20 sec. The eight­
bit digital output from the sensors can be read in parallel or
 
serially (assuming the necessary clock pulses are available). The
 
read command signal from each sensor will be used to derive ve­
hicle spin rate.
 
c. SCADS - The Scanning Celestial Attitude Determination
 
System (SCADS) represents a means for obtaining spacecraft attitude
 
to a very high precision with relatively simple instrumentation
 
(Ref VII-l). The measurement environment consists of the stars
 
that are so bright that an observer on earth finds them clearly
 
visible to the unaided eye. The positions of these stellar "tar­
gets" are carefully and completely documented and they are far
 
enough away so that they may be treated as point sources.
 
The SCADS instrument itself is designed to detect these
 
stars in as nearly a passive manner as possible. To ensure that
 
a number of relatively bright stellar targets can be acquired by
 
SCADS, the instrument employes a large optical field of view that
 
covers a significant portion of the celestial sphere. Detection
 
and measurement of the stars is achieved by placing a pattern of
 
light transmitting slits (often only one) in an otherwise opaque
 
focal plane reticle in the optical system. By offsetting the in­
strument from the spin axis, the pattern of slits is caused to
 
scan across a portion of the celestial sphere. The scanning mo­
tion, in the case of LOFT, is provided by the spinning motion of
 
the spacecraft. As the slit scans across the focused point image
 
of a star, the starlight is gated through the reticle and sensed
 
by a photodiode behind the image plane, The signal from the
 
photodiode is used.to gate another signal that characterizes the
 
time at which the star is centered in the slit. The fundamental
 
raw data from the SCADS instrument then consists of a set of
 
transient times or transient angles. This information, together
 
with suiporting attitude data, is processed by ground computers
 
to give accurate attitude data for the vehicle.
 
The LOFT system will include two SCADS instruments, one
 
located at the top of the mast and the other aft, near the solar
 
panels. The output from each unit will consist of approximately
 
136 bits-per spacecraft revolution.
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The data acquisition system must provide the capability
 
to sample these signals at least once every spacecraft revolution.
 
d. Conventional Data Signals - The remaining data signals to
 
be processed are either continuous (analog) or bilevel signals.
 
These signals are described in detail in Table VII-I and summarized
 
as follows:
 
No. of Channels Sampling Rate (sps) 
18 1/2 
14 1 
13 4 
43 (bilevel) 4 
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Table VII-I Summary of LOFT Instrumentation Requirements
 
Maximum
 
Signal Sample 
Meas Accuracy Output Frequency Rate 
No. Description Location Range (%) Voltage (Hz) (sps) Remarks 
Deployment Instrumentation
 
100 Initiate Spin-up Mid-Sec On/Off 0/28 V "4
 
101 Extend Aft Module Mid-See On/Off 0/28 V b 4
 
102 Extension Complete Mid-See On/Off 0/28 V b 4
 
103 Start Spin Motors Aft-Sec On/Off 0/28 V b 4
 
104 Chamber Pressure 1 Aft-Sec TBD 1 0/40 mV TBD 4
 
105 Chamber Pressure 2 Aft-Sec TBD 1 0/40 mV TBD 4
 
106 Spin Rate Discrete Mid-Sec On/Off 0/28 V b 4
 
107 Spin Rate Actual Mid-Sec 0-5 RPM 1 0/5 V <0.05 I/Rev Digital Signal
 
108 Release Front Brake Top-Mast On/Off 0/28 V b 4
 
109 Release Rear Brake Aft-Sec On/Off 0/28 V b 4
 
< 110 Front Stay Motor Torque Top-Mast TED 1 0/40 mV <1 4H 
Ill Rear Stay Motor Torque Aft-Sec TBD 1 0/40 mV <1 4
 
112 Toroid Motor Torque Mid-Sec TBD 1 0/40 mV <1 4
 
113 'ToroidMotion Mid-Sec TBD 1 0/40 mV <1 4
 
114 Initiate Mast Deployment Mid-Sec On/Off 0/28 V b 4
 
115 Mast Motion/Position Mid-Sec TBD 1 0/40 mV <1 4
 
116 Mast Motor Torque Mid-Sec TED . 0/40 mV <1 4
 
117 Deploy Solar Array Aft-Sec On/Off 0/28 V b 4
 
118 Array Deploy Complete Aft-Sec On/Off 0/28 V b 4
 
119 Deploy Feed Top-Mast On/Off 0/28 V b 4
 
120 Feed Deploy Complete Top-Mast On/Off 0/28 V b 4
 
121 Front Motor Motion Top-Mast TB 1 0/40 mV <1 4
 
122 Rear Motor Motion Aft-Sec TED 1 0/40 mV <1 4
 
123 Rear Mast Torque Mid-Sec TED 1 0/40 mV <1 4
 
124 Unlatch Rim Mass Mid-Sec On/Off 0/28 V b 4
 
125 Lock Mast (Front) Mid-Sec On/Off 0/28 V b 4
 
126 Lock Mast (Back Mid-Sec On/Off 0/28 V b 4
 
127 Lock Toroid Mid-Sec On/Off 0/28V b 4
 
*b= bilevel measurement
 
Table VII-l (cont) 
Maximum 
Signal Sample 
Meas 
No. Description Location Range 
Accuracy Output 
(%) Voltage
Structures/Temperature 
Frequency 
(Hz) 
Rate 
(sps) Remarks 
200 Mast Force 1 Top-Mast 1 40 mV 0.2 1 
201 Mast Force 2 Top-Mast 1 40 mV 0.2 1 
202 Mast Force 3 Top-Mast 1 40 mV 0.2 1 
203 Mast Force 4 Top-Mast 1 40 mV 0.2 1 
204 Mast Force 5 Top-Mast 1 40 mV 0.2 1 
205 Mast Force 6 Top-Mast 1 40 mV 0.2 1 
206 Back Stay Force 1 Mid-Sec 1 40 mV 0.2 1 
207 Back Stay Force 2 Mid-Sec 1 40 mV 0.2 1 
208 Back Stay Force 3 Mid-Sec 1 40 mV 0.2 1 
209 Temp End of Mast I Top-Mast 5 40 mV 0.05 1/2 
< 210 Temp End of Mast 2 fop-Mast 5 40 mV 0.05 1/2 
211 Temp Mid-Mast I Mid-Mast 5 40 mV 0.05 1/2 
212 Temp Cannister 1 Mid-Sec 5 40 mV 0.05 1/2 
213 Temp Cannister 2 Mid-Se9 5 40 mV 0.05 1/2 
214 Mast Accel 1 Top-Mast 1 40 mV 0.2 1 
215 Mast Accel 2 Top-Mast 1 40 mV 0.2 1 
216 Mast Accel 3 Top-Mast 1 40 mV 0.2 1 
217 Front Stay Temp 1 Front Stay 5 40 mV 0.05 1/2 
218 Front Stay Temp 2 Front Stay 5 40 mV 0.05 1/2 
219 Front Stay Temp 3 Front Stay 5 40 mV 0.05 1/2 
220 Front Stay Temp 4 Front Stay 5 40 mV 0.05 1/2 
221 Net Temp 1 Reflector 5 40 mV 0.05 1/2 
222 Net Temp 2 Reflector 5 40 mV 0.05 1/2 
223 Net Temp 3 Reflector 5 40 mV 0.05 1/2 
224 Net Temp 4 Reflector 5 40 mV 0.05 1/2 
225 Temp Mid-Mast 2 Mid-Mast 5 40 mV 0.05 1/2 
226 Temp Mid-Mast 3 Mid-Mast 5 40 mV 0.05 1/2 
Table VII-I (cont) 
Maximum 
Meas Accuracy Output 
Signal 
Frequency 
Sample 
Rate 
No. Description Location Range (%) Voltage (blz) (sps) Remarks 
Beam Pattern 
300 RCVR Signal Strength Top-Mast 0/5 1 0/5 V 0.5 4 Analog 
301 RCVR Lock Signal Top-Mast Lock/ 0/5 V 4 Bilevel 
Unlock 
302 Test Signal On/Off Top-Mast On/Off 0/5 V 4 Bilevel 
303 Freq No. 1 On/Off Top-Mast On/Off 0/5 V 4 Bilevel 
304 Freq No. 2 On/Off Top-Mast On/Off 0/5 V 4 Bilevel 
305 Freq No. 3 On/Off Top-Mast On/Off 0/5 V 4 Bilevel 
306 Freq No. 4 On/Off Top-Mast On/Off 0/5 V 4 Bilevel 
< Meas
No. Description j _ _A_Location I Range ISignal j Samplecuracyj(%Otage Frequency RateAccuracy outt (sps) Remarks 
Control System 
400 Attitude Control Pitch + Mid-See On/Off 28 V Step 4 Bilevel 
401 Attitude Control Pitch - Mid-Sec On/Off 28 V Step 4 Bilevel 
402 Attitude Control Yaw + Mid-Sec On/Off 28 V Step 4 Bilevel 
403 Attitude Control Yaw - Mid-Sec On/Off 28 V Step 4 Bilevel 
404 Rate Gyro ± Pitch Mid-Sec ±0.0050/ 1 ±2.5 V 0.1 1 Analog 
sec 
405 Rate Gyro ± Yaw Mid-See ±0.005/ 1 ±2.5 V 0.1 1 Analog 
sec 
Table Vrt-i (conci) 
Meas 
No. Description Location Range 
Accuracy 
(%) 
Output 
Voltage 
Maximum 
Signal 
Frequency 
(Hz) 
Sample 
Rate 
(sps) Remarks 
500 
501 
502 
503 
504 
505 
506 
Solar Aspect Sensor 1 
Solar Aspect Sensor 2 
Magnetometer 1 
Magnetometer 2 
Magnetometer 3 
SCADS Output 1 
SCADS Output 2 
Mid-Sec 
Mid-Sec 
Mid-Sec 
Mid-Sec 
Mid-Sec 
Top-Mast 
Aft-Sec 
±600 mG 
±600 mg 
±600 mG 
Systems Support 
±3 0-5 V 
±3 0-5 V 
±3 0-5 V 
0-5 V 
0-5 V 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.5 O(Th 
0.05 
I/Rev 
I/Rev 
1/2 
1/2 
1/2 
I/Rev 
1IP~~~v 
/Rev 
(8 bits/Read) Digital-Serial 
(8 bits/Read) Digital-Serial 
8 Stars x 17 bits/star x 3 Rev 
7 b/s 60 sec8 tas x1 isSa e 
8 Stars x 17 bits/Star x 3_ sec 
7 b/s 6 e 
507 Command 1 Mid-Sec 4 Bilevel 
508 Command 2 Mid-Sec 4 Bilevel 
H 
H, 
509 
510 
511 
Command 3 
Command 4 
Command 5 
Mid-Sec 
Mid-See 
Mid-Sec 
4 
4 
4 
Bilevel 
Bilevel 
Bilevel 
512 Command 6 Mid-Sec 4 Bilevel 
513 Command 7 Mid-See 4 Bilevel 
514 Command 8 Mid-Sec 4 Bilevel 
515 Command 9 Mid-Sec 4 Bilevel 
516 Command 90 Mid-Sec 4 Bilevel 
517 Command 10 Mid-See 4 Bilevel 
518 Command 12 Mid-Sec 4 Bilevel 
519 
520 
Command 13 
Command 14 
Mid-Sec 
Mid-Sec 
4 
4 
Bilevel 
Bilevel 
521 
522 
Command 15 
Command 16 
Mid-Sec 
Mid-See 
4 
4 
Bilevel 
Bilevel 
523 Command 17 Mid-Sec 4 Bilevel 
524 System Voltage Aft-Sec 4 
f. Distribution of Data Signals - One of the basic considera­
tions in developing a concept for the LOFT instrumentation system 
is that of routing data signals from various signal sources to a 
central collection system. This problem was discussed to some ex­
tent under the subject of remote sensing. The problem of incor­
porating conventional wiring throughout the system is particularly 
serious for the wiring required from the top of the mast. Routing 
and storage of the cable would be difficult if not impossible in 
the allotted space. The most direct solution for this type prob­
lem is some method of time sharing signal leads. The limiting 
case is when all data signals are multiplexed over a single data 
line. This approach is commonly referred to as remote multiplex­
ing. A system incorporating remote multiplexing has been success­
ful on Titan III launch vehicles. It is estimated that this ap- ­
proach eliminated several hundred pounds of conventional instru­
mentation wiring. Other examples of this approach include the 
AAP Workshop and the proposed.Centaur instrumentation system. 
Based on the need to limit interconnecting wiring and on the fact 
that remote systems have been used successfully, the recommended 
approach for the LOFT instrumentation system is a system that in­
corporates the remote multiplexing technique. 
The system proposed is illustrated in Figure VII-I. As
 
shown in the figure, the system consists essentially of three
 
major components: The data acquisition unit (DAU), a number of
 
remote acquisition units (RAU) and a central timing unit. The
 
timing unit in some designs is incorporated into the DAU.
 
The DAD generates programed addresses that initiate data
 
acquisition circuits at the appropriate remote units. The unit
 
then receives the digital signals via the data bus and processes
 
these data into a PCM-NRZL format. The RAUs provide the capabil­
ity to receive coded address signals and then initiate a data
 
sampling cycle. The timing unit provides the necessary clock sig­
nals as well as the 24-bit coded timing signal.
 
A typical cycle of operation would be as follows:
 
1) The programer within the DAU generates a coded address 
signal; 
2) This signal is shifted serially from an address register 
to the address registers located in the various RAUs; 
3) The received address is decoded within each RAU; 
4) The addressed RAU initiates the appropriate circuits, 
gating the selected analog signal to an A/D converter; 
5) The resulting digital signal is shifted serially to 
the DAU and incorporated into the PCM pulse train. 
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Figure VII-l Remote Multiplex System 
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g. Philosophy of Data Acquisition - The majority of the data
 
signals that will be generated on the LOFT will require sampling
 
frequencies in the order of 1/2 to 4 sps. Some of the signals,
 
however, occur at the antenna spin rate. These would normally re­
quire only one sample every spacecraft revolution or approximately
 
one sample every 20 sec. The method used to incorporate these
 
low frequency signals will essentially dictate the overall philos­
ophy of data acquisition.
 
The two basic approaches for acquiring the low frequency
 
signals are:
 
1) Use a separate low sampling system to sample and store
 
. the signals for later transmission;
 
2) 	Use a sampling rate higher than necessary and incor­
porate the signals into the PCM pulse train.
 
The first method consists essentially of buffering the
 
low frequency data and then transmitting at a relatively high bit
 
rate. The digital data from each source would be transferred to
 
a core memory system as it becomes available. The "read in" cycle
 
would continue up to one complete orbit and then the memory would
 
be "read out" at some selected rate. This rate would probably be
 
the same as used for the higher data frequencies.
 
The second approach would be to sample the low frequency
 
signals at a rate higher than necessary and incorporate the sig­
nals into the PCM format. This approach has the advantage that
 
all data signals would be available within a single system.
 
The 	first approach has several disadvantages:
 
1) Additional equipment and system complexity would be 
required; 
2) Timing signals would be necessary to locate data sig­
nals necessary for ground evaluations; 
3) The procedures required for ground data reduction 
would be more complex, since two separate signals 
must be processed and time correlated. 
The only disadvantage to the second approach is redundant
 
data. This is the result of sampling the signals at a higher rate
 
than necessary. However, in view of the 'complexity associated
 
with the first approach the redundant feature would not appear to
 
be serious. Therefore, the recommended approach for the low fre­
quency signals is to use the second method and incorporate these
 
signals into the PCM format.
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h. Bit Rate Requirements - The signals routed to the data 
acquisition system will include: conventional analog/bilevel sig­
nals, as well as digital data from the contour system, SCADS, spin 
rate sensors and the solar aspect sensors. Based on the require­
ments for each of the above, the minimum bit rate requirements for 
the data acquisition system may be estimated as follows: 
Conventional Signals
 
Sample
 
No. 
Channels 
18 
Rate 
(sps) 
1/2 
Bits/ 
Sample 
8 ! 
Bits/sec 
72 
14 1 8 112 
13 4 8 416 
48* (bilevel) 4 1 192 
Total 792 
*48 is used instead of required 43 because bilevel chan­
nels are provided in word groups. In this case, word
 
length is 8 bits.
 
Serial Digital Signals
 
Sample;
 
No. Rate Bits/
 
Channels (sps) Sample Bits/sec
 
Radar System 5 360 1800
 
Laser System 5 664 4320
 
SCADS (2) 1/4 136 68
 
Spin Rate
 
Sensors (3) 1/4 8 6
 
Solar Aspect
 
Sensors (2) 1/4 8 4
 
Total using Radar 1878
 
Total using Laser 4398
 
Sync and Timing Signals
 
Assume 24 bps for sync and ID
 
Assume 24 bps for time-of-day
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Therefore, the minimum rate assuming the radar contour system
 
would be 2718 bps, while the minimum rate using the laser system
 
would be 5238 bps. It should be emphasized that the above rates
 
are the absolute minimum. The layout of the final formats will
 
require somewhat higher rates depending on the assumed number of
 
spare channels and the results of a format optimization study.
 
3. Data Storage
 
The concept for the LOFT instrumentation system includes the
 
capability to store data signals during periods when real-time
 
transmission is either not possible or feasible. The data signals
 
referred to here includes all signals except the visual coverage
 
signals. These are provided in real time only.
 
The'two basic methods for providing this capability are: core
 
storage and magnetic tape recorder. In view of the requirements
 
to store data for one complete orbit, the selection must be a re­
corder. The storage capacity per pound or per unit volume for a
 
recorder is vastly superior to that of a core storage unit. For
 
example, assuming that the data rate is 5000 bps and a permissible
 
packing density of at least 5000 bits/in, a record speed of 1 in./
 
sec could be specified. The time per orbit- will be approximately
 
7200 sec, which is equivalent to 7200 in. or 600 ft of tape. At
 
the assumed bit rate a core storage unit having a capacity of 36 x
 
106 bits would be required. This represents a rather large core
 
storage unit. For example, a core storage system available from
 
Electronics Memories (Model SCMS-5) with approximately 105 bit
 
storage capacity weights 3.5 kg and has a volume of 128 cu in.
 
This unit has about the same physical characteristics as the re­
quired tape recorder, but has only 1/360 of the capacity. It
 
should be noted that qualified recorders similar to that required
 
by LOFT are available from such sources as RCA, Borg Warner, and
 
Lockheed Electronics.
 
As shown in Figure VII-2, the operation of the recorder unit
 
will -be controlled by ground commands. Selection of either the
 
record or playback mode would initiate the proper recorder speed
 
and energize the necessary record/playback electronics. During
 
the record mode t-he unit would accept the PCM and clock signal
 
from the data acquisition unit. The unit would remain in a re­
cord mode until either a command is received or until a end-of­
tape signal is generated. The playback speedwould be selected
 
to allow for a complete playback in a relatively short time. If
 
the record speed, was for example, I in./sec and the playback
 
speed was 60 in./sec, then a chmplete reproduce cycle would be
 
completed in 2 minutes.
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4. Visual Coverage Signals
 
The visual coverage system will include one facsimile camera
 
and two television cameras. The television cameras will provide
 
coverage during the initial deployment phase, while the facsimile
 
camera will provide coverage of the toroid area during deployment,
 
as well as coverage of part of the antenna surface subsequent to
 
deployment.
 
Because all portions of the visual coverage system are not
 
required simultaneously, the communications system will be time
 
shared. The proposed system is shown in Figure VII-3. The out­
put signals from the three systems are routed to a switching cir­
cuit before transmission. The bandwidth requirement for the tel­
evision system is estimated to be 1 MHz, while the bandwidth re­
quired for the facsimile camera will be approximately 100 kHz.
 
The selection of the desired coverage signal is made by a control
 
signal initiated via ground command.
 
The sequence of events would typically be as follo4s:
 
I) One of the TV systems is selected immediately after 
spacecraft separation; 
2) Monitor the LOFT by periodically selecting the two 
TV cameras; 
3) After the stays are released and the condition of the 
stays has been observed, the facsimile camera system 
is selected; 
4) Visual coverage of the toroid operation is continued 
until the antenna is fully deployed. During this pe­
riod, observations from the TV cameras may be initi­
ated from the command link; 
5) The facsimile camera is again used for visual coverage 
of the antenna surface during and after mast deploy­
ment. 
After complete deployment, visual coverage will be provided
 
primarily by the facsimile camera.
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5. System Description
 
The conceptual definition of the instrumentation system for
 
the 50-m orbital system can best be described by considering the
 
equipment arrangement, system operation, and a summary of equip­
ment.
 
a. Equipment Arrangement - The arrangement of the major sys­
tem components is shown in Figure VII-4. The locations in gen­
eral were determined by the requirements of the subsystems. For
 
example, as described earlier, the contour system must be located
 
near the top of the mast. In cases where equipment location was
 
not a criteria for system operation, the components were located
 
in the mid-equipment module. The installation of equipment near
 
the top of the mast will be a formidable detail design problem in
 
later studies. For this reason, a conceptual drawing of the in­
stallation in this area is shown in Figure VII-5. As might be
 
expected, the laser contour system will create the most serious
 
installation problems. The installation of SCADS is subject to
 
the constraints imposed by the deployed feed system. Thus, the
 
final location will be determined after an investigation of accept­
able cant angles.
 
A conceptual launch configuration is shown in Figure VII-6.
 
This configuration is constrained by the payload envelope specified
 
for the Delta N launch vehicle. The location of the solar array,
 
along with the stay members must be considered during the instal­
lation of the equipment in the midsection. Maintenance and trou­
ble shooting of components in this area will be difficult if not
 
impossible if these factors are not seriously considered during
 
the design phase.
 
b. System Operation - A block diagram of the conceptual in­
strumentation system proposed for the 50-m orbit LOFT is shown in
 
Figure VII-7. The total system consists essentially of three sub­
systems; the measurement system, visual coverage system and the
 
data storage system. The modes of operation for the latter two
 
subsystems were discussed in the earlier paragraphs. Therefore,
 
the following discussion will serve to complete the description
 
of system operation.
 
.Measurement System - The measurement system includes all
 
sensing and processing equipment necessary to sample, multiplex,
 
and format the required data signals. Therefore, a description
 
of the operations required for the major data signals provides a
 
convenient approach to subsystem description.
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Figure V11-5 Conceptual Installation at Top of Mast 
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Figure VII-7 Block Diagram of 50-m Orbital System 
Conventional Data Signals,- Conventional data signals
 
(analog/bilevel) are routed to the remote acquisition units (RAU)
 
located in appropriate areas throughout the LOFT system. These
 
signals are then sampled periodically in the following manner:
 
Address signals generated within the data acquisition unit
 
are transmitted via the address bus and received at the
 
RAUs. After decoding the address, the selected data sig­
nal is sampled and processed within the addressed RAU;
 
The processed signal, noq in binary code, is stored in a
 
shift register;
 
The digital signal is next shifted from the register in
 
serial form over the data bus to the data acquisition
 
unit. The signal is then processed and inserted into the
 
PCM format.
 
Contour Measurement (Radar) - As shown in Figure VII-8,
 
the radar system operation will be controlled by the DAU. Address
 
signals received by the radar system will be decoded and used to
 
select the appropriate antenna array and the proper buffer stor­
age location. The buffer storage unit will be designed to store
 
one complete antenna map (36 data points). Since six data points
 
are sampled simultaneously, the buffer unit can easily be filled
 
between mapping samples. At the proper time in the format, the
 
conten'ts of the buffer are shifted serially via the data bus to
 
the data acquisition unit. The buffer sampling sequence is ini­
tiated by the data acquisition programer/address system as a start
 
pulse to the buffer. After receiving the start signal, the stored
 
data are shifted from the buffer at the acquisition rate. A simi­
lar signal is received to indicate the'occurrence of the last data
 
bit.
 
Contour Measurement (Laser System) - The operation of the
 
laser system will be partially controlled by the data acquisition
 
system. As shown in Figure VII-9, signals from the buffer storage
 
unit will be used to initiate mapping cycles, as well as data
 
transfer cycles.
 
The laser/mirror portion of the system will operate con­
tinuously without interruption. The acquisition of range and
 
mean azimuth data will, however, be under control of the data
 
acquisition, as shown in Figure VII-9. After a complete mapping
 
cycle, a map complete signal will be generated within the elec­
tronics/logic system. This signal will inhibit further storage,
 
even though the laser/mirror system continues to operate. The
 
contents of this register is transferred to a second buffer sys­
tem when a "ready" signal is received. The occurrence of this
 
signal is contingent on specific format position .
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A data measurement is initiated when a target is acquired
 
by the laser electronics system. This acquisition signal initiates
 
the ranging circuits, as well as the azimuth readout logic.- A
 
mean azimuth signal is generated by averaging the reading obtained
 
coincident with "acquisition" and loss of "acquisition." During
 
the acquisition period a control signal from the azimuth logic
 
system is used to select the proper buffer location for the data
 
being generated.
 
After the contents of the first register are transferred,
 
the next mapping cycle is initiated by the data acquisition and
 
start pulse as shown in Figure VII-9. In this method sychroniza­
tion problems are avoided by specifying the mapping cycle/transfer
 
time to be somewhat shorter than the sampling time. This approach
 
assumes that data for a complete mapping will always be available
 
at the second-buffer. Note that during the period between "map
 
complete" and "map initiate" the system continues to operate, but
 
data are not stored until a new cycle is initiated. The new cycle
 
can start with any one of the 36 targets.
 
Low Frequency Digital Signals - The remaining signals are
 
digital signals generated at the antenna spin rate (SCADS, solar
 
aspect sensors and spin rate sensors). The sequence of operations
 
required to sample these signals is similar to that previously
 
described. Each signal source will include a buffer storage reg­
ister that is updated with new information once every spacecraft
 
revolution. The contents of these registers will be sampled pe­
riodically at a rate somewhat higher thafi the spin rate.
 
c. Summary of Equipment - The major components required for
 
the 50-m orbital instrumentation system are summarized in Table
 
VII-2, along with the size, weight, and power requirements for
 
each unit. The radar system is included in the tables for refer­
ence only.
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Table VIT-2 Summary of Major Equipment for 50-m Orbital System
 
Size Weight Power 
Description (cm) . (kg) (W) 
Laser Contour System 
Laser Assembly 30.4 diam x 43.2 13.6 35.0 
Hotor/Electronics/Mirror 81.6 diam x 20.4 
Mounting Structure -- 1.8 --
Radar Contour System* 
Transmitter RCVR (6) 5.1x3.81xl.9 2.73 
Electronics/Logic 5.lxS.lx2.54 0.46 30 
Horn Assembly (36) 12.7xS.3x17.8 (ea) 10.9 
Beam Pattern Receiver (1) 12.7x19x5.l 1.8 3.36 
Data Acquisition Unit (1) 12.7xlS.3x12.7 1.6 7.0 
Signal Conditioner (3) 5.lx3.81x3.81 0.68 (ea) 1.0 
Timing Unit (1) 10.2x12.7x10.2 1.36 6.0 
Tape Recorder (1) 15.3x15.3x20.4 4.6 10.0 
Power Regulator (2) 5.lx3.81x3.81 0.68 (ea) 3.0 
Solar Aspect Sensor (2) 4.32x3.05x16.8 0.115 (ea) --
Electronics 7.0xl5.3xll.2 0.91 (ea) 1.5 
Magnetometer Probe Assembly 7.6x7.6x10.2 0.46 
Electronics 10.3x7.6xl5.3 2.7 3.0 
SCADS (2)
 
Electronics/Photomultipler/
 
Lens 835 cm3 1.8 (ca) 1.3
 
Bright Object Shield 22.1 diam x 23.4
 
Facsimile Camera (1) 2.54 diam x 15.3 0.32 1.5
 
Television Camera (2) 6.35 diam x 20.4 1.14 (ea) --

Television Control Unit (2) 9.65xl5.3x22.8 2.04 (ea) 12.0
 
Total 43.65 80.J
 
*Radar contour system shown for reference only; weight and power not included in
 
totals.
 
'The total of all components not applicable; value is expected maximum.
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B. 50-m SUBORBITAL SYSTEM
 
The definition of the 50-m suborbital instrumentation system
 
is based on the test model constraints specified in the statement
 
of work for the LOFT Instrumentation Definition Study. The major
 
objectives of the suborbital mission as related to the instrumenta­
"
 
tion system are as follows: 

1) Flight objective is primarily to verify zero-g 
deployment; 
2) RF pattern check via transmitted signal and change 
of angle versus trajectory tracking; 
3) Engineering tests of orbital test instrumentation 
subsystems. 
A review of the minimum instrumentation necessary to satisfy
 
each of the above will serve as the basis for system definition.
 
Verify Zero-g Deployment - To verify deployment of the 50 M
 
LOFT the first time, the instrumentation system for the suborbital
 
mission must include at least the deployment measurements listed
 
for the orbital flight in Table VII-l. The visual coverage sys­
tem for the suborbital flight should be more extensive than that
 
for the orbital mission.
 
RF Pattern Tests - Suborbital radiation pattern tests should
 
be conducted using LOFT as a receiving antenna in conjunction with
 
a ground station transmitter. For this test, a single frequency
 
beam pattern receiver system described in Chapter V will be in­
cluded in the instrumentation system.
 
Engineering Tests of Orbital Test Instrumentation - The prin­
cipal objective of this requirement is to flight test subsystems
 
or components classified as new technology. A secondary objective
 
is to flight test as much of the orbital hardware as possible.
 
The only subsystem that can be classified as new technology is
 
the contour measuring system., However, based on projected sched­
ules, a fully qualified system will probably not be available for
 
the suborbital mission. 'The recommended approach then would be
 
to fly a prototype system or a system supplied for qualification
 
testing. Preliminary testing could be completed on this unit
 
before flight. The actual mission would then serve as additional
 
qualification testing.
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At the time the instrumentation definition study began, there
 
was no requirement to measure the contour of the antenna during
 
the 50-m suborbital flight mission. The reasons for this were:
 
(1) the flight was extremely short, 10 minutes from engine cut­
off to atmosphere reentry; and (2) the damping time for the an­
tenna was expected to be very long, perhaps as long as 50 minutes
 
to damp to halt amplitude. Both conditions have changed. The
 
flight time is now 30 minutes and estimates of damping time have
 
decreased by a factor perhaps as great as ten. If contour data
 
can be measured during the suborbital flight, and at the same time
 
the measurement system for future tests can be qualified, this is
 
a worthwhile flight objective.
 
The facsimile camera would be included under the secondary
 
objective for two reasons. The first is that it will aid in sat­
isfying the requirement for visual coverage. Secondly, since the
 
unit proposed is currently being developed, the suborbital flight
 
will serve as a partial qualification for later orbital missions.
 
The approach recommended in this case is also to use the designated
 
prototype hardware.
 
1. Conceptual Philosophy for Suborbital System
 
The basic philosphy for the conceptual definition of the 50-m
 
suborbital system may be stated as follows: "provide the required
 
capability in a configuration that is the'same as the 50-m orbital
 
system if at all possible." This includes system hardware, as
 
well as installation designs, manufacturing techniques, checkout
 
procedures, and system verification tests. In cases where compon­
ents are not required for the suborbital mission, the design should
 
include provisions for installation and wiring to simulated units.
 
This approach is subject to the constraints imposed by program
 
cost and schedules. These constraints may limit the quantity of
 
qualified hardware, but should not conflict with the basic intent
 
of the stated philosophy.
 
2. Orbital Components Deleted for Suborbital System
 
Certain portions of the orbital system will be deleted for
 
the suborbital system. The reasoning for the deletion is that
 
the function performed is not required, and the proposed equipment
 
has been developed to a level that precludes justification on the
 
basis of engineering testing. The portions of the orbital system
 
to be deleted on this basis are the SCADS, magnetometer, solar
 
aspect sensors, aid one television system.
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Although the tape recorder function of the orbital mission is
 
eliminated because all data will be transmitted in real time, it
 
is desirable to include a data recorder in the recoverable in­
strumentation package for redundancy.
 
The SCADS, magnetometer, and solar aspect sensors will not be
 
required for attitude determination. One television system is
 
deleted because film cameras in the recoverable instrumentation
 
package can provide adequate visual coverage. The remaining sys­
tem will provide the capability for real-time monitoring of the'
 
deployment sequence. The measurements associated with these com­
ponents will, of course, be deleted along with a number of other
 
measurements.
 
3. Measurement Requirements
 
In addition to the contour system measurements, certain indi­
vidual measurements, outlined in Table VII-3, will be required,
 
as was the case for the orbital system. The requirement for these
 
measurements is somewhat less than previously specified for the
 
reasons noted above. In addition, some of the structures/tempera­
ture and the multiple frequency indicators previously required
 
for the beam pattern receiver have been deleted. Additions to
 
the basic list include control and deployment signals for the
 
camera systems. The measurements for monitoring the LOFT subor­
bital deployment sequence are the same as required for the orbital
 
system.
 
4. Data Acquisition System
 
The data acquisition system proposed for the suborbital mis­
sion is the same as outlined for the orbital system. This system
 
is discussed in detail in the previous section. The format re­
quired for the orbital system can be used with little or no diffi­
culty. The reason for this assumption, is the fact that the con­
tour system dominates the data acquisition requirements. There­
fore, the capability not required for the suborbital mission would
 
represent only a small fraction of the total capacity.
 
5. Visual Coverage System
 
The visuaf coverage system for the suborbital system will con­
sist of the facsimile camera, one television camera, and three
 
film cameras. The facsimile camera will provide data during the
 
initial deployment, and after the deployment sequence is completed.
 
The television camera will monitor the initial deployment (release
 
of rim mass and stays) and will then be used with the facsimile
 
camera to monitor the antenna structure after deployment. The
 
recommended approach for the single television camera is to in­
clude the capability for pan/tilt. This would be controlled by
 
the deployment sequence along with ground commands. The film
 
cameras provide additional capability for visual coverage during
 
and after the deployment sequence.
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Table VII-3 Summary of Measurements for Suborbital SystemI ~Maximum* 
Sj Signal Sample 
Maas Accuracy Output Frequency Rate 
No. Description Location Range (%) Voltage (;z) (sps) Remarks 
Deployment Instrumentation 
100 Initiate Spin-up Mid-Sec On/Off 0/28 V b* 
101 Extend Aft Module Mid-Sec On/Off 0/28 V b 4 
102 Extension Complete Mid-Sec On/Off 0/28 V b 4 
103 Start Spin Motors Aft-Sec On/Off 0/28 V b 4 
104 Chamber Pres 1 Aft-See TED 1 0/40 mV TED 4 
105 Chamber Press 2 Aft-Sec TBD 1 0/40 mV TBD 4 
106 Spin Rate Discrete Mid-Sec On/Off 0/28 V b 4
 
107 Spin Rate Actual Mid-See 0-5 rpm 1 0/5 V <0.05 1/Rev Digital Signal
 
108 Release Front Brake Top-Mast On/off 0/28 V b 4
 
109 Release Rear Brake Aft-See On/off 0/28 V b 4
 
< 110 Front Stay Motor Torque Top-Mast TBD 1 0/40 mV <1 4 
H 
H iII Rear Stay Motor Torque Aft-See TD 1 0/40 mV <1 4 
112 Toroid Motor Torque Mid-Sac TED 1 0/40 mV <1 4 
113 Toroid Motion Mid-See TED 1 0/40 mV <I 4 
114 Initiate Mast Deployuient Mid-Sec On/Off 0/28 V b 4 
115 Mast Motion/Position Mid-Sec TED 1 0/40 mV <1 4 
116 Mast Motor Torque Mid-Sec TED 1 0/40 mV <i 4 
117 Deploy Solar Array Aft-Sec On/off 0/28 V b I 
118 Array Deploy Complete Aft-Sec On/Off 0/28 V b 4 
119 Deploy Feed Top-Mast On/Off 0/28 V b 4 
120 Feed Deploy Complete Top-Mast On/Off 0/28 V b 4 
121 Front Motor Motion Top-Mast TED 1 '0/40 mV <1 4 
122 Rear Motor Motion Aft-Sec TBD 1 0/40 mV <1 4 
123 Rear Mast Torque Mid-Sec TBD 1 0/40 mV <1 4 
124 Unlatch Rim Mass Mid-Sec On/Off 0/28 V b 4 
125 Lock Mast (Front) Mid-Sec On/oft 0/28 V b 4 
126 Look Mast (Back) Mid-Sec On/Off 0/28 V b 4 
127 Lock Toroid Mid-Sec On/Off 0/28 V b 4 
*b= bilevel measurement
 
Table VII-3 (cont) 
Maximum 
Meas 
No. Description Location Range 
Accuracy 
(%) 
Output 
Voltage 
,,Signal 
Frequency 
(Hz) 
Sample 
Rate 
(sps) Remarks 
Structures/Temperature 
200 Mast Force I Top-Mast 1 40 mV 0.2 1 
201 Mast Force 2 Top-Mast 1 40 mV 0.2 1 
202 Mast Force 3 Top-Mast 1 40 mV 0.2 1 
203 Mast Force 4 Top-Mast 1 40 mV -0.2 1 
204 Mast Force 5 Top-Mast 1 40 mV 0.2 1 
205 Mast Force 6 Top-Mast 1 40 mV 0.2 1 
206 Back Stay Force 1 Mid-Sec 1 40 mV 0.2 1 
207 Back Stay Force 2 Mid-Sec 1 40 mV 0.2 1 
208 Back Stay Force 3 Mid-Sec 1 40 mV 0.2 1 
209 Temp End of Mast I Top-Mast 5 40 mV 0.05 1/2 
<H 210 Temp Cannister 1 Mid-Sec 5 40 mV 0.05 1/2 
211 Mast Accel 1 Top-Hast 1 40 mV 0.2 1 
212 Front Stay Temp 1 Front Stay 5 40 mV 0.05 1/2 
213 Front Stay Temp 2 Front Stay 5 40 mV 0.05 1/2 
214 Net Temp 1 Reflector 5 40 mV 0.05 1/2 
215 Net Temp 2 Reflector 5 40 mV 0.05 1/2 
Table VII-3 (cont) 
Meas 
No. Description Location 
Acc_________aneuracy Output 
Voltage 
JMaximumSignal 
requency 
SampleRate 
(spa) Remarks 
Beam Pattern 
300 Rcvr Signal Strength Top-Mast 0/5 1 0/5 V 0.5 Mhz 4 Analog 
301 Rcvr Lock Signal Top-Mast Lock/ 0/5 V 4 Bilevel 
Unlock 
302 Test Signal On/Off Top-Mast On/Off 0/5 V 4 Bilevel 
Control System 
400 Attitude Control Pitch + Mid-Sec On/Off 28 V Step 4 Bilevel 
H 
H 401 Attitude Control Pitch Mid-Sec On/Off 28 V Step 4 Bilevel 
0' 402 Attitude Control Yaw + Mid-Sec On/Off 28 V Step 4 Bilevel. 
403 Attitude Control'Yaw - Mid-Sec On/Off 28 V Step 4 Bilevel 
404 Rate Gyro ± Pitch Mid-Sec ±0.0050 /sec 1 ±2.5 V 0.1 Hz 1 Analog 
405 Rate Gyro ± Yaw Mid-Sec ±0.0050 /sec 1 ±2.5 V 0.1 Hz 1 Analog 
Table VII-3 (concl) 
Maximum 
Meas Accuracy 
Output
Voltage 
Signal 
Frequency 
Sample 
Rate 
No. Description Location Range IV) IV)(Hz) (sps) Remarks 
Systems Support 
501 Camera 1 Start/Stop RU* On/Off 28 28 4 Bilevel 
502 Camera 2 Start/Stop RU On/Off 28 28 4 Bilevel 
503 Camera 3 Start/Stop RU On/Off 28 28 4 Bilevel 
504 Camera 1 Deploy RU On/Off 28 28 4 Bilevel 
505 Camera 2 Deploy RU On/Off 28 28 4 Bilevel 
506 Camera 3 Deploy RU On/Off 28 28 4 Bilevel 
507 Command 1 Mid-Sec 4 Bilevel 
508 Command 2 Mid-Sec 4 Bilevel 
509 Command 3 Mid-Sec 4 Bilevel 
510 Command 4 Mid-Sec 4 Bilevel 
511 Command 5 Mid-Sec 4 Bilevel 
5­
512 Command 6 Mid-Sec 4 Bilevel 
514 Command 8 Mid-Se 4 Bilevel 
513 Command 7 Mid-Sec 4 Bilevel 
514 Command 9 Mid-Sec 4 Bilevel 
515 Command 11 Mid-Sec 4 Bilevel 
516 Command 10 Mid-See 4 Bilevel 
517 Command 11 Mid-Sec 4 Bilevel 
518 Command 12 Mid-Sec 4 Bilevel 
521 Command 13 Mid-Sec 4 Bilevel 
520 Command 14 Mid-Sec 4 Bilevel 
521 Command 15 Mid-Sec 4 Bilevel 
523 Command 17 Mid-Sec 4 Bi2.evel 
524 System Voltage Aft-Sec 4 
*Recoverable Unit 
The rather extensive visual coverage system is required for
 
several reasons. First, pictures of the sequence of events pro­
vide perhaps the best single source for evaluation of the LOFT
 
design. Since the suborbital mission will represent the first
 
attempt to deploy a 50-m system, extensive visual data are impor­
tant for complete evaluations. The capability provided by the
 
television and facsimile cameras is required for real-time moni­
toring. This capability with the command system will again pro­
vide the possibility for real-time control ,of the deployment se­
quence. In addition, each system serves as a real-time backup
 
in case of malfunction. This is an important factor because the
 
facsimile camera will probably not be fully qualified.
 
6. System Description
 
The instrumentation system proposed for the suborbital mission
 
is basically the same as outlined for the orbital system.- The
 
decision to include the contour system and facsimile camera to­
gether with the conceptual philosophy were the primary factors in
 
formulating the conceptual design.
 
The system will operate in real-time, except for the film cam­
eras. The facsimile camera picture and television picture will be
 
transmitted simultaneously on separate rf links. The output from
 
the data acquisition system will be provided continuously during
 
the suborbital flight. The proposed arrangement of major system
 
components is as shown in Figure VII-10. The television system
 
and film cameras are located in the recoverable instrumentation
 
package. Other equipment is located the same as outlined for the
 
orbital system. The characteristics of the major components re­
quired for the suborbital system are summarized in Table VII-4.
 
VII-38
 
FRONTSTAYS• 
FA S M L A E AEQUIPM ENT COMPARTMENT B NA C NII NNG UI N.REPT ACOUSITIONUNLTS 
FRONT STAYREEL 
LASAR EQUIPMENT COMPARTMENT 
MAST 
.......... 
SOARPAEL 
(SIBIULATEO 
Figure VII-10 Equipment Arrangement for 50-m Suborbital System 
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Table VII-4 Summary of Major Equipment
 
for 50-m Suborbital System
 
Size Weight Power 
Description (cm) (KG) (W) 
Laser Contour System 
Laser Assembly 30.4 diam x 43.2 
Motor Electronics/Mirrors 81.2 diam x 20.4 13.6 35.0 
Beam Pattern Rcvr 12.7x19.Ox5.1 1.8 3.36 
Data Acquisition Unit (1) 12.7xl5.3x12.7 1.6 7.0 
Signal Conditioner (3) 5.1x3.81x3.81 0.68 (ea) 1.0 
Timing Unit (1) 10.2x12.7x10.2 1.36 6.0 
Power Regulator (2) 5.1x3.81x3.81 0.68 (ea) 3.0 
Spin Sensor (1) 8.25x10.8x20.4 0.91 1.5 
Facsimile Camera (1) 2.54 diam x 15.3 0.32 1.5 
Television Camera (1) 6.35 diam x 20.4 1.1A --
Television Control Unit (1) 9.65x15.3x22.8 2.04 12.0 
Cameras (3) 27.2x10.2x7.35 1.8 (ea) 75.0* 
Totals 31,57- 145.36 
*Approximate total, actual value dependent on selected camera and.
 
frame rates.
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C. 5-m SURBORBITAL SYSTEM
 
The 5-m diameter LOFT suborbital Ilight will be launched at
 
WSMR by an Aerobee-150 sounding rocket. The flight above the atmos­
phere will last approximately 4 minutes. The Aerobee-150 data re­
covery package will be recovered on the desert at WSMR. The launch
 
and recovery mode, the launch site, and flight duration, of the 5-m
 
LOFT flight are completely different than those of the later 50-m
 
LOFT flights.
 
Because of the availability of a data recovery system on the
 
launch vehicle, most of the data from the on-board systems will not
 
be transmitted to the ground during the flight, but will be read
 
out from film or data recorders after recovery. Because of the
 
size of the test model and the short flight duration, it is not
 
planned to conduct rf testing. Contour measurement during the
 
flight is limited also by the short flght duration.
 
Direction of the Instrumentation Definition Study included the
 
"evaluation of the use of the 5 M LOFT suborbital flight for flight
 
test evaluation of instrumentation systems planned for use on later
 
flights." Of course, this has to be done within the limitations of
 
the 5-m suborbital flight plan. In'the following paragraphs, the
 
various instrumentation systems requirements are examined for ap­
plicability to the 5-m test flight.
 
1. Contour Measurement
 
The use of a laser or radar contour measurement system on the
 
5 M LOFT suborbital flight is impractical. Not only is the flight
 
duration too short to make contour measurement a worthwhile objec­
tive, but, because of the extremely short measurement range, the
 
development problems described earlier make the possibility of con­
tour measurement system development highly questionable.
 
2. Radiation Pattern Measurement
 
The measurement of radiation patterns is not applicable to the
 
5 M LOFT flight test because this model will not have rf capability.
 
3. TV/Facs'mile Camera Coverage-

Previous studies have defined a requirement for four film cam­
eras to be located in a recoverable instrumentation module. Tlis
 
capability is limited in that real-time coverage is not possible.
 
In addition, failure to recover the inqtrumentation module would
 
result in the loss of all visual coverage data. Therefore, it is
 
recommended that real-time capability be included in the 5 m design.
 
This capability, preferably, would include both the facsimile
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camera and a television system. In addition to the advantages of
 
real-time coverage and back-up capability, this approach will pro­
vide valuable knowledge and experience concerning the LOFT struc­
ture in space.
 
The availability of facsimile and television systems for the
 
5-m flight is questionable at this time. If necessary, an 'alterna­
tive approach would be to use off-the-shelf hardware similar to
 
that proposed for the 50-m systems. For example, the low frame
 
rate facsimile camera system being developed for RAE would be an
 
adequate alternate.
 
4. LOFT Deployment
 
Deployment status information recorded as discrete signals
 
should be obtained on the 5-m test flight. Because of data re­
cording and telemetry limitations, the number of discrete data
 
inputs will be less than that required for the 50-m flights.
 
5. LOFT EngineerinA Data
 
The 5-m system should include, where feasible, the capability
 
to test several alternative measurement techniques for temperature
 
and force. The results of testing the various techniques during
 
the 5-m mission could then be used for conceptual evaluation and
 
for qualification testing. This approach is contingent on the
 
availability of hardware before the 5-m flight. Development of
 
these techniques should be initiated in the near future to ensure
 
availability.
 
6. Measurement List
 
A proposed measurement list for the 5-m system is shown in
 
Table VII-5. The majority of these measurements are devoted to
 
verification of the deployment sequence and to measurement of tem­
perature and mast force. The remainder are essentially system mal­
function indicators. The data channel capacity may be used more
 
effectively if some of these measurements are switched after de­
ployment, (e.g., deployment verification measurements could be
 
switched with antenna temperature).
 
Modifications to the proposed 5-m system should include the
 
addition of the facsimile camera and the television system. The
 
'haracteristics of these units were described in Tables VII-2 and
 
VII-4.
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Table VII-5 Proposed Measurement List for 5-m Suborbital Flight
 
Data Requirement
 
Before During After
 
Description Deployment Deployment Deployment
 
Toroid Motor Voltage X
 
Front Motor Voltage X
 
Mast Motor Voltage X 
Toroid Position x 
Front Reel Position x 
Mast Position x 
Spin Rate X X X 
No. 1 Acceleration (Mast) X x 
No. 2 Acceleration (Mast) x x 
Nose Cone Eject X 
System 'Voltage X x x 
No. 1 Camera Drive X x 
No. 2 Camera Drive x x 
No. 3 Camera Drive X X 
No. 4 Camera Drive x x 
No. 1 Mast Force x x 
No. 2 Mast Force X X 
No. 3 Mast Force X X 
No. 1 Antenna Temperature x 
No. 2 Antenna Temperature X 
No. 3 Antenna Temperature x 
VII-44
 
VIII. DEVELOPMENT PLANNING
 
A. LONG-LEAD INSTRUMENTATION DEVELOPMENT PLAN
 
It became evident during the Instrumentation Definition Study
 
for LOFT that some of the instrumentation systems would be consid­
ered long lead while other systems or components were readily avail­
able or regarded as routine fabrication items. We have therefore
 
prepared a long-term development plan including schedule and cost
 
information for the antenna contour measurement system, the mast
 
deflection measurement system, and the facsimile camera system for
 
monitoring deployment.
 
This section of the report covers the planning information ne­
cessary for timely development of the long-lead instrumentation
 
systems.
 
1. Contour Measurement System
 
Immediately following deployment of the 50 4 LOFT antenna and
 
periodically during the expected 6-month orbital life, the antenna
 
contour will be verified by a figure measurement system installed
 
on the antenna structure. Dimensional or range data acquired by
 
the system will be converted to digital format and transmitted by
 
telemetry to associated ground equipment for real-time monitoring
 
and recording, or recorded and stored on the spacecraft for high­
speed transmittal at a later time. During the LOFT Instrumentation
 
Definition Study, continuous wave helium-neon laser ranging syst­
ems and FM/CW profiling radar systems were evaluated in detail for
 
the contour measurement application. A CW gas laser system was
 
selected as a result of tradeoff studies discussed in Chapter VI.
 
In earlier phases of the study, it was believed that a suitable
 
radar profiling system could be developed in less time and at a
 
lower cost than a laser ranging system, as indicated in the mid­
term review. However, further investigation indicated that the
 
opposite condition prevailed. In addition, the laser system per­
forms a dual service in providing a method of measuring anticipated
 
deflection of the antenna mast by using the secondary beam from the
 
back end of the laser unit. This additional application elimin­
ates the cost of providing a separate system for this purpose.
 
a. Laser System - Both pulse and continuous wave (CW) laser
 
ranging units have been used rather extensively in the past few
 
years, principally in engineering survey work involving terrain
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measurement, bridge deflection. The laser units were used because
 
of their relatively small envelope size and weight and ease of hand­
ling, and because of their extreme accuracy. Laser ranging systems
 
have been used for surveys made with aircraft, and in support of
 
mobile ground party efforts. In recent months, at least two U. S.
 
companies have succeeded in qualifying CW gas laser units for space
 
application. Difficulties inherent in helium-neon (He-Ne) units
 
with regard to use under vacuum conditions normal to space appli­
cations have been overcome. Thermal problems were overcome by im­
provement of environmental packaging techniques.
 
The OW He-Ne laser ranging system selected for contour m
 
measurement of the 50-m antenna includes 1 mW laser unit, mirror
 
system, I W alternating current scan motor, target optics, a photo­
diode receiver, spectral filter, and a conventional digital elec­
tronics package. The laser unit will incorporate an internal mode­
locked system of beam modulation operating at an output pulse-rate
 
of 200 MHz (see system sketch, Figure VIII-l).
 
The critical development item of the system is the laser
 
unit. To date, a prototype of the unit has accumulated 11,000 hr
 
of continuous operation. The target optics associated with the
 
laser ranging devices have been qualified for and successfully used
 
in the Apollo program. The scan motor, motor-drive electronics,
 
and the special filter have all been exposed to thermal-vacuum and
 
vibration testing and are still undergoing extensive tests at this
 
time. Space-qualffication of the system will be the most critical
 
item in the development plan.
 
The system scans 36 fixed optical targets mounted radially
 
on the antenna net but offset in groups of six each. A motor-driven
 
rotating mirror coaxially mounted with the laser unit on the mast,
 
provides a scan rate of 5 complete maps/sec. Target distances
 
vary from 22 to 30 m and accuracies of +6 mm can be reasonably ex­
pected by means of a digital measurement of the phase-shift of the
 
200 MHz modulated waveform reflected from the targets to the photo­
diode package. The phase measurement method also accounts for azi­
muthal twist or trail angle by measuring the relative phase of
 
each 200 MHz energy burst from the targets relative to a fixed
 
reference. The signal converter includes a photodiode, video am­
plifier, phase lock circuitry, heterodyne converter, and digital
 
phase detector. (Additional system data are discussed in Appendix
 
A.
 
The entire system will weigh less than 15 kg and will not
 
exceed 35 W power requirement. The development program schedule
 
is shown in Figure VIII-2, and program cost estimates are shown in
 
Table VIII-I.
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Figure VIII-1 Schemti of Laser Ranging System
 
Month aft-er&-Ahad 
1 2 3 4 5 6 7 8 9 10 11 12 13 14115116117 18 19120 21 22123124 
Phase I - Preliminary Engineering airmUn 
Phase II - Engineering Model 
A - Engineering Design 
B - Hardware Fabrication 
C - Functional Testing
 
Phase III Prototype
 
A - Engineering Design
 
B - Hardware Fabrication and Functional Tests
 
C - Space Qualification Testing
 
Phase IV - Flight Units (2) 
A - Engineering Design 
B - Hardware Fabrication and Functional Tests 
C - Space Qualification Testing 
4 
IiIiJ~i|iiIII Engineering Maintenance
 
Figure VIII-2 Laser Ranging System Development Schedule
 
Table VIII-1 Cost Suimmary of Laser Ranging System
 
Phase Cost 
I 85,000 
IT 390,000 
III 450,000 
IV 550,000 
Total 1,475,000 
Note: Costs are based on projected rates for the program
 
time frame discussed in the introduction pages of
 
this report. The values by phase reflect considera­
tion of recurring and non-recurring costs, labor and
 
material, tooling, testing, program management, and
 
documentation and reporting. These are budgetary
 
estimates intended for planning purposes and should
 
not be construed as being a firm commitment-on the
 
part of Martin Marietta Corporation.
 
b. Radar System - As discussed in Chapter VI, four different
 
radar techniques were evaluated during the study in an effort to
 
select a system capable of'performing accurate distance measure­
ments to preselected targets on the LOFT net. It was determined
 
that FM/CW radar technique was an acceptable method for LOFT.
 
Further investigation of FM/CW systems resulted in a number of
 
preliminary designs, the most promising of which used a 36-horn
 
antenna system and three or six transmitter/receivers. These
 
systems, however, will require development and qualification of
 
some critical components such as a low-noise Gunn oscillator, a
 
low-noise RF switch (for switching each transmitter/receiver be­
tween three or six antennas), and miniaturization of the RD assem­
bly and the receiver. These component development tasks are slight­
ly ahead of the state-of-the-art and result in a total program cost
 
estimate that is approximately 15% greater'than the laser system
 
estimates, coupled with an additional penalty of approximately
 
25% more development time required, including qualification testing.
 
The FM/CW system is technically acceptable and can be re­
garded as a backup system if laser system qualification problems
 
should develop later. A block diagram of the proposed FM/CW radar
 
system is shown in Figure VIII-3. The development program schedule
 
is shown in Figure VIII-4, and program cost estimates are shown
 
in Table VIII-2.
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Figure VIII-3 50-m FM/CW Radar System
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Months after Go-Ahead
 
1 2 	 3 4 15 16 171 8 9 101112131415 1617 18 19 20 21 22 2324 25 26 27 28 29 30 
Phase 	 I - System Design and Breadboard
 
A - Engineering Design- I- -l-

B - Breadboard
 
C - System Tests
 
Phase 	11 Engineering Model 
A- Engineering--------------------------------------1W - - - - -- - - - - -
B - Final Packaging Design & Evaluation 
C - Preliminary Engineering Environmental Tests
 
D - Reliability and Component Analysis--

H Phase 	 III - Prototype 
A - Engineering l I III1111 II 
B - Final Packaging with Qualified Components 
C - Qualification Testing of New Developed Parts
 
D - Failure Analysis
 
E - Formal Evaluation and Performance Testing I--

Phase IV -Flight Models (2) 
A - Engineering-l JimIJJ 
B - Imrdwrepntrcaton 
C - Functional Testing 
- Fliht Oualification Testing 	 7 7I 
1111111 	 Engineering Maintenance 
Figure VIII-4 FM/CN Radar Profiling System Development Schedule 
Table VIII-2 Cost Summary of FM/CW Radar Profiling System
 
Phase- Cost 
1 450,000 
II 283,500 
III 452,500 
IV 519,500 
Total 1,705,500 
Note: 	Costs are based on projected rates for the program
 
time frame discussed in the introduction pages of
 
this report. The values by phase reflect considera­
tion of recurring and non-recurring costs, labor and
 
material, tooling, testing, program management, and
 
documentation and reporting. These are budgetary
 
estimates intended for planning purposes and should
 
not be construed as being a firm commitment on the
 
part of Martin Marietta Corporation.
 
2. Antenna Mast Deflection Measurement
 
It is 	anticipated that mast deflections up to +1.5' may be
 
encountered during or following deployment of the LOFT antenna.
 
It is desirable to measure these deflections and thereby collect
 
data to aid in determining overall antenna contour or to help ex­
plain peripheral deflections. The fixed secondary beam from the
 
He-Ne laser unit used for contour measurement will be focused on
 
an array of photodiodes near the base of the mast. The position
 
of the beam in the array will be determined by flexure of the
 
mast. The difference between the alignment focus and the actual
 
beam location in the array will be sensed by the target diodes and
 
converted to a digital output signal. This secondary function of
 
the laser system will be developed as a part of the same develop­
ment program for contour measurement shown in Figure VIII-2. The
 
program cost estimates shown in Table VIII-1 include development
 
of the mast deflection measurement system. The critical develop­
ment item of hardware is again a space-qualified laser unit.
 
3. Imaging System
 
As discussed in Chapter VI, imaging of the antenna during and
 
after deployment is a formidable task because of the size of the
 
surface to be viewed and its proximity to the location of the imag­
ing cameras.
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TV camera pictures are inadequate to cover the entire antenna,
 
but a facsimile camera provides this capability. The facsimile
 
camera is an imaging instrument that electromechanically scans a
 
single solid-state detector over a panoramic scene in closely spaced
 
lines to form a continuous image through 3600 of azimuth. Panora­
mic data are reproduced by electromechanical scanning of a single
 
data modulated light source over a strip of photographic film in
 
a facsimile ground recorder. The scan mechanism of the recorder
 
is synchronously-driven from a frequency component of the trans­
mitted signal, so that drives of the camera and recorder are phase
 
locked continuously throughout the entire field of view.
 
Additional line sync signals provide an independent reference
 
for accomodation of long-term loss of communications.
 
The solidstate photodetector and film illuminator are photo­
metrically stable and provide for detection and reproduction of !
 
a wide dynamic range of data. Saturation recovery is rapid and
 
inclusion of the sun in the scan field of view is accomodated with­
out detriment to either the performance or calibration.
 
The Minifax camera being developed by Philco-Ford Corporation
 
can be adapted for the LOFT application., It is a small, low-power
 
unit accompanied by a matching film recorder. Specifications for
 
the facsimile are given in Table VIII-3. It scans lines circumfer­
entially, at a rate of 30 lines/sec. The recorder is daylight
 
loaded and processed and furnishes a 12 x 48 cm image, in both
 
positive and negative form, a few minutes after completion of Qcan­
ning. Scan correlated sync signals are provided once per 360'
 
line and once er image'frame.
 
Application of the Minifax system to LOFT will require some
 
modification. The camera is structurally sound to withstand normal
 
dynamic environments of spacecraft launch and deployment, but addi­
tional modifications will be made for the vacuum, radiation, and
 
thermal environment. Accomodation will be made to the new scan
 
format, the modified enclosure, and lubrication. The new packaging
 
will include either active or passive thermal control similar to
 
previous space-hardened facsimile cameras to insure that the cam­
era system electronics environmental requirements are met.
 
The development schedule for a space-qualified facsimile camera
 
system is shown in Figure VIII-5. The program cost data are shown
 
in Table VIII-4.
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Table VIII-3 Facsimile Camera Specifications
 
Functional Performance
 
Field of View 270 x 3600
 
Frame Rate 9 sec/frame
 
Resolution 0.1 + 0.010
 
Light Level 2 to 2000 ft-L
 
Reading Rate 108,000 pixels/sec
 
0
 
Spectral Response 4,000 to 11,000 A
 
Line and frame synchronization: 90 msec
 
Environmental Survival 
Temperature * 00F to 1250F 
Vacuum -0- 1 4Torr
 
Shock 1000 g
 
Operational Life 1000 hr over 1 year
 
Interface Constraints
 
Size 2.8 cm diam x 17.8 cm long
 
Weight 0.32 kg
 
Power 1.5 W
 
Output (analog)
 
Image data: 0 to 10/V
 
Sync pulses: +4 V & -5 V
 
*Camera electronics environment controlled to these limits.
 
Table VIII-4 Cost Summary of Facsimile Camera System
 
Phase Cost 
1 273,700 
II 288,000 
III 403,300-
Total 965,000 
Note: 	 Costs are based on projected rates for the program
 
time frame discussed in the introduction pages of
 
this report. The values by phase reflect considera­
of recurring and non-recurring costs, labor and
 
material, tooling, testing, program management,
 
and documentation and reporting. These are budget­
ary estimates intended for planning purposep apd
 
should not be construed as being a firm commitment
 
on the part of Martin Marietta Corporation.
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Months after Go-Ahead 
1 2 3 '4 5 6 7 8 911011112 13 14 15 16 17 18 19 20 21 22 23 24 
Phase I - Protototype Camera 
A - Design Mods for Space Environment 
B - Prototype Fabrication, Assembly, and Functional Test U- U U U U-
C - Deliver Prototype Camera and Ground Recorder 
Phase 	11 - Qualification Unit Fabrication
 
A - Fabrication
 
B - Assmebly
 
Phase 	lII- Qualification and Acceptance Program
 
A -Qualification and Acceptance Program
 
B - Delivery of Qualification Unit
 
C - Delivery of Flight Unit 2
 
D - Delivery of Spare 1
 
Note; 1. 	Ground recorder will be returned to contractor prior to 18th month for use with
 
qualification, flight, and space cameras.
 
2. 	Prototype will be flown on 5-m suborbital test flight, Qualification unit will
 
be flown on 50-m suborbital test flight.
 
Figure VIII-5 Facsimile Camera System Development Schedule
 
B, SUPPORTING TESTS
 
It is recommended that a number of supporting tests be performed
 
before the detailed design phase. These tests are required either
 
to provide confidence in conceptual designs or to gain knowledge
 
and experience in the application of proven techniques to the LOFT
 
instrumentation concept. It should be emphasized that the proposed
 
tests are engineering evaluation tests and are ndt a substitute
 
for qualification testing. The majority of these tests may be con­
ducted in a test laboratory or on the 5-m ground test model in the
 
Dynamic Test Chamber. The remaining tests will require the use of
 
component or system mockups.
 
1. Contour Measurement System
 
The proposed laser contour measurement system represents new.
 
technology and as such must be thoroughly tested and evaluated to
 
verify the basic concept. In addition, potential problem areas
 
that might exist when the system is applied to the LOFT antenna
 
must be detected early in he development to allow time for en­
gineering revisions and verification testing.
 
The proposed testing program will consist.of a number of tests
 
using a breadboard unit and a variety of targets. This unit will
 
be similar to the flight model except that its design and fabrica­
tion will not be rigidly controlled by engineering standards or
 
by quality control procedures. Laboratory-type testing will be
 
performed first, to evaluate the ability of the unit to range to
 
a number of targets. After completing these tests, the ability
 
of the system to detect angular displacement will be evaluated.
 
During these tests, methods for aligning the system and procedures
 
for launch checkout will be developed.
 
The 5-m ground test model will next be used to evaluate the
 
system's ability to range to targets located on the antenna surface.
 
By placing targets on the test model and locating the laser system
 
above the 5-m model, the ability of the system to measure antenna
 
contour will be tested. Note that because of the difference in spin
 
rates a limited number of targets will be used in these tests.
 
In addition to the testing proposed above, it was recommended
 
that a prototype unit be included in the 50-m suborbital system,
 
The data from this flight test, together with the background from
 
the support test program, should provide sufficient information
 
for developing the orbital configuration.
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2. Visual Coverage Systems
 
Although the visual coverage systems are not classified as new
 
technology, the application to the LOFT program is unique. There­
fore, it is recommended that a series of tests be performed to first
 
evaluate viewing techniques and then perform a series of tests to
 
gain experience and knowledge in evaluating the visual data.
 
Perhaps the most important testing concerns the basic problem
 
of viewing the antenna structure. The preliminary evaluations dis­
cussed in Chapter VI indicated the need for additional information
 
in this area. As previously outlined, the testing would involve a
 
a full-scale mockup of a sector of the antenna, along with a simu­
lated sun source. By investigating various sun/camera angles, as
 
well as a variety of visual aids, solutions to this problem can be
 
formulated well in advance of the 50-m designs.
 
Information concerning the interpretation .and evaluation of
 
visual data should be obtained by using the 5-m ground test model.
 
These data must be obtained by-mounting the cameras on the test
 
model. The data obtained during and after deployment will then
 
be an accurate simulation of the flight models. The hardware for
 
the visual tests will, necessarily, be off-the-shelf, similar to
 
that proposed for the flight models.
 
In addition to the basic information desired from this series
 
of tests, data concerning such factors as visual aids and the de­
tection of-mast movement by the facsimile camera can be investigated
 
and evaluated.
 
3. Measurement Techniques
 
As outlined in Chapter VI, the measurement of temperature,
 
force, and acceleration will require unique solutions. Therefore,
 
an important part of the long-lead support test program will be
 
the evaluation of the various concepts'and vendor-supplied trans­
ducers. This test program is vital to all flight tests, because
 
the instruments will be included on both suborbital missions, as
 
well as on the 50-m orbital system.
 
The test and evaluation program will consist of a series of
 
laboratory-type tests designed to evaluate the proposed alterna­
tives, as well as selected vendor hardware. The most promising
 
of these will then be recommended for further testing on the sub­
orbital flights. In some cases, additional testing may be accom­
plished on the 5-m ground test model.
 
4. Summary
 
The requirements outlined above are summarized in Table VIII-5.
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'Table VXII-3 

Test Objective 

Contour Measurement System 

Evaluate ranging capability 

Evaluate angular measurement capability 

Evaluate targets 

Develop Procedures for Alignment and
 
Checkout
 
Visual Coverage 

< Xnvestigate Viewing Problem 
H 
Obtain and Evaluate Visual Data 

Evaluate Visual Aids 

Evaluate Capability of Facsimile 

,Camera to Measure Mast Movement 

Evaluate Measurement Techniques 

Summary of Long-Lead Support Testing
 
Hardware Labora
Test Facility 
tory 5-m Ground Test 
Breadboard 
Contour System 
X X 
X 
X 
Facsimile and
 
TV Cameras
 
X 

X
 
X
 
Facsimile
 
Camera X X 

Transducers X X 

Mockup
 
Requirements
 
Targets
 
Targets
 
Targets
 
Sector of
 
Antenna and Targets
 
Targets
 
Portions of Net
 
and Structure
 
C. CONTOUR MEASUREMENT SOFTWARE DEVELOPMENT
 
Chapter IV describes the contour measurements required to de­
fine the deployed shape, the rms surface error, and to verify the
 
dynamic analysis. An instrumentation system has been defined to
 
obtain the necessary contour measurements that are antenna sur­
face displacements, mast bending displacements and celestial atti­
tude data. These measurements will be in the form of digital
 
data and will compose the "flight data." It will be necessary
 
to develop a software package to perform the following operations
 
on the flight data: receive and store, preprocess, analyze,
 
verify, and output and store. The following discussion briefly
 
describes the software necessary to perform these operations.
 
1. Receive and Store
 
The telemetry flight data will be in a digital form and will
 
require a software package to translate the data to some storage
 
device-(tape, disk, etc) for immediate or later use. The format
 
of the data must be such as to be compatible with the preprocessor.
 
2. Preprocessor
 
The three types of measurements, i.e., surface displacements,
 
mast bending displacements, and celestial attitude data, will be
 
taken in real time and in three different coordinate systems. The
 
three types of data will be intermixed when they are received and
 
it will be necessary to decode these data into three separate
 
measurements, with respect to both time sequence and coordinate
 
system. (This does not refer to a time adjustment that might be
 
necessary in the analysis portion qf the software.) At this
 
stage, any calibrations may be performed. The output of the pre­
processor will be three separate stored measurements to be fed
 
into the main analysis program. It will be necessary to trans­
late the three sets of data into a coordinate system or systems
 
that is compatible with the requirements of the main analysis pro­
gram. Permanent storage at this stage would be desirable for
 
later reference and comparison purposes.
 
3.. Analyzer
 
The main software program necessary to perform the three ob­
jectives considered in Chapter IV will require considerable de­
velopment. This package would contain the option to perform any
 
one or all three of the stated objectives at any given time.
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To determine the deployed shape would require finding the time
 
average displacement normal to the reference surface for each
 
point. This involves numerical integration of the displacement
 
functions with time according to the formula:
 
T
 
Mean Displacement = ei(t)1v dt
 
Taverage T JiL
 
0
 
The minimum integration time would be at least one spin period of
 
steady motion, i.e., 20 sec. The mean displacements would then
 
be compared to the reference surface to determine a mean deployed
 
shape. The preprocessor would have taken care of the necessary
 
adjustments in the data to provide the correct coordinate system.
 
The second function of the analyzer is to determine the rms
 
surface error to provide an indication of the antenna tolerance.
 
The rms surface error is determined by numerically integrating
 
the following expression:
 
(rms Surface Error)2 = (AZ)2 A f f 2 r dr dO 
where the terms.in the integral are define in Chapter IV. This
 
expression is determined for a jiven instant in time by the fol­
.lowing method. For a particular time, say t1 , the measurements
 
from all of the targets are used to find the best fit parabola
 
by a suitable statistical technique such as the least square fit.
 
This parabola then defines a surface of zero error at time t,
 
that in general will not have the same coordinate system as the
 
body fixed measurement system. Thus any subsequent calculations
 
must take into account the difference between these two coordinate
 
systems. Figure IV-3 shows that the function A&l (tI) is the
 
difference between the position of each point and the surface of
 
zero error. These calculation are performed for various times and
 
the maximum of the rms errors is determined.
 
The third function of the analyzer is to perform a dynamic
 
analysis of.the data for the purpose of verification of the mathe­
matical model used to predict the dynamic response. The dynamic
 
analysis is required to find the mode shapes, frequency, and
 
amplitudes of the response of.the antenna to various disturbances
 
and to compare these values to the predicted ones. The analysis
 
is performed in the following manner.
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Assuming that the response has reached a steady-state value,
 
the shape of the antenna will be a space fixed one. The data will
 
be collected as a function of time from moving targets and will
 
have been incorporated into the proper coordinate system by the
 
preprocessor. The first step of the analyzer will be to deter­
mine the space-fixed shape. This surface then will be reduced
 
to its basic frequency content and mode shapes by a spectral
 
analysis method for both the radial and circumferential direc­
tions. These values will then be compared to the frequency, mode
 
shapes and amplitude values predicted by analytical methods. The
 
coordinate system of the results will be such as to be compatible
 
with the coordinate system used in the analysis.
 
4. Output and Storage
 
The output of the analyzer portion of the software will depend
 
on the requirements determined from the development analyses.
 
It is likely that the antenna mean shape will be provided as
 
a contour plot and/or plots of the shape of various radial members
 
and circumferential members.
 
The rms error of the antenna, which is a number for any given
 
time, will be plotted as a function of time for various antenna
 
attitudes with respect to the sun, and also for eclipsed condi­
tions.
 
The dynamic analysis output would be presented in the form
 
of tabulated frequencies versus dynamic modes present, plots of
 
radial and circumferential member displacements versus the
 
various dynamic modes, and contour plots of the antenna shape.
 
In addition, the output data must be stored in a particular
 
format for later use.
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IX. CONCLUSIONS AND RECOMMENDATIONS
 
A. CONCLUSIONS
 
The contour or figure of the 50-m LOFT antenna can be measured
 
with an accuracy of +6 mm for dynamic frequencies as high as 30 cpm
 
using either a laser or radar contour measurement system.
 
Dynamic motion of the antenna reflector surface in the direc­
tion toward and away from the antenna focus as great as ±25 cm in
 
amplitude can be readily accomodated by either contour measurement
 
system.
 
Deflections of the antenna mast, as a result of either manufac­
turing tolerances or dynamic motion, have a profound effect on the
 
design and measurement accuracy of the contour measurement system
 
and the mast deflection measurement system.
 
The laser contour measurement system is preferable to the radar
 
system because (1) costs and development time for qualified hard­
ware are less; (2) mast deflection measurement is made with the
 
same equipment; and (3) the capability of measuring more points
 
on the antenna exists if this is found necessary as a result of
 
further work.
 
A method was developed for determining the mean shape of the
 
LOFT antenna; the variation of the antenna rms error with time;
 
and the frequency, amplitude, and mode shape of measured dynamic
 
motion of the antenna.
 
Antenna radiation patterns can be measured using either a
 
ground-based rf source or an rf source provided by a cooperative
 
satellite. The satellite source has an advantage over the ground
 
source because of ground transmitter frequency limitations.
 
Stellar sources are not good sources for beam pattern measure­
ment because background noise level is very high compared to the
 
strength'of stellar signals.
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Lightweight sensors suitable for the measurement of tempera­
tures and forces on the LOFT antenna net are not available.
 
Photography of the entire LOFT antenna is not possible with
 
presently available camera systems located on the LOFT spacecraft
 
structure. Development of the facsimile camera for LOFT antenna
 
photography appears to provide the best approach to ,this objective.
 
A minimum of three photographic systems are included in the instru­
mentation concept.
 
Instrumentation system concepts for orbital and suborbital 50-m
 
diameter LOFT test models were developed. The systems weigh 43.6 kg
 
and 31.5 kg and have power requirements of 80 and 145 w, respec­
tively. Both concepts employ remote multiplexing. A tape recorder
 
was selected for orbital system data storage. The maximum data
 
rate, except for real-time TV transmission, is less than 6000 bps.
 
Spacecraft configuration concepts were developed showing elimi­
nation of one of two spacecraft modules at the antenna vertex,.as
 
a result of changing to the Delta-N launch vehicle with no apogee
 
kick motor.
 
The instrumentation system concepts developed have a slightly
 
deleterious affect on the 50 M LOFT spacecraft stability.
 
The techniques and much of the hardware of the 50 M LOFT instru­
mentation systems concepts are suitable for use on future, larger
 
LOFT antenna models, such as 500-m-diameter or 1500-m-diameter
 
models.
 
B. RECOMMENDATIONS
 
Development of a laser ranging system for measurement of the
 
50 M LOFT antenna contour should be initiated. A prototype system
 
should be used for contour measurement on the 50-m LOFT suborbital
 
mission.
 
A facsimile camera system should be developed for use on the
 
50 M LOFT suborbital mission and all later missions. Presently
 
available facsimile camera hardware should be used on the 5 M
 
LOFT suborbital mission for real-time coverage of deployment and
 
should be tested during future ground tests of the 5 M LOFT in the
 
GSFC Dynamic Test Chamber. As part of the facsimile camera devel­
opment, methods of varying the camera field of view from 100 by 3600
 
to 300 by 3600 on command should be investigated.
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Effort should be made to control or reduce LOFT mast bending.
 
Lightweight temperature, force, and acceleration sensors suit­
able for deployment as part of the LOFT antenna reflector should
 
be developed.
 
A wiring system should be incorporated in the LOFT antenna re­
flector to transmit power to and return data from sensors deployed
 
on the reflector. As an alternative, a remote data transmitter
 
system and power supply should be developed for mounting on the
 
LOFT antenna rim.
 
A controlled experimental program should be run to determine
 
proper methods for targeting, lighting, and photographing the LOFT
 
antenna net and reflector structure.
 
A study should be made to determine the optimum target arrange­
ment, optimum sampling rate, and optimum measurement tolerance for
 
contour measurement.
 
A study should be made to determine what effect astronauts
 
would have in deploying and observing LOFT, and how manned opera­
tion would affect the instrumentation systems.
 
The launch window of the 50 M LOFT orbital flight should be
 
selected to provide an initial period of a month or more of orbital
 
flight without earth eclipse. Flying in the sun, without eclipse,
 
eliminates the thermal transient entering and leaving eclipse and
 
permits initial contour and beam pattern measurements to be made
 
in a quasi-steady state condition.
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APPENDIX A
 
PERKIN- ELMER LOFT ANTENNA FIGURE SENSOR
 
PERKIN-ELMER
 
A. THE LOFT FIGURE SENSING PROBLEM
 
Figure-sensing the 50 M LOFT antenna consists of measuring
 
the distance (range) from a point near the far-end of the mast
 
to a series of 36 selected points on the paraboloidal antenna
 
surface. A measurement resolution of ±6 mm is required to points
 
that will vary in range from 22 to 28 m and can depart from their
 
design-center position by as much as ±0.25 m, expressed as x and
 
y coordinates. It is also desired to measure the rotational
 
twist or trail-angles of the reference points; these may be as
 
large as 100 at the rim during initial operation and will probably
 
2° 
stabilize to about 1 to in stable flight. A design goal is
 
to map the surface five times/sec. Mast flexure of i.50 is also
 
anticipated. It is necessary that the instrument package weigh
 
no more than 15 kg (33 ib) and consume less than 35 VA of space­
craft power.
 
B. PROJECT LOFT FIGURE SENSOR
 
As shown in Figure A-l, the proposed LOFT Figure Sensor illu­
minates the antenna with a 0.5-m spot of light from a mode-locked
 
1-mW helium-neon laser operating at an output pulse-rate of 200
 
MHz. The range measurements are made by rf interferometry, i.e.,
 
measurement of the phase-shift of the 200 MHz modulation waveform
 
reflected from targets at the measuring points. The use of a
 
mode-locked laser eliminates the power and weight penalties of
 
an external modulator and driver, and also furnishes an output
 
wave of high peak intensity that can be processed to advantage in
 
reducing the noise contributions of stray solar illumination and
 
detector dark-current.
 
A single rotating mirror operating at 5 rps scans all 36 mea­
suring points in each rotation by means of a set of 36 fixed,
 
peripheral mirrors that are positioned to deflect the laser beam
 
to a corresponding target below. Instead of being grouped along
 
radial spokes on the antenna surface, the targets are set in
 
groups of six, each with circular symmetry, but each group offset
 
from the last in azimuth. This makes it possible to scan all
 
positions in one rotation without the use of secondary nodding or
 
sweeping elements.
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An extra measuring station can also be provided at which the
 
scanner reads the range of a fixed optical delay line of, say,
 
25 m (folded) length. This provides a continuous operating check
 
on the system and also can be used as a reference in computing
 
the range data. Thus, each range can be read out as the difference
 
from 25 m instead of the actual total range. This reduces the
 
number of bits of data to be read out by telemetry.
 
The.return signal from the targers is collected and focussed
 
upon a photodiode that develops an output signal consisting of a
 
burst of 200-MHz energy as the scanner passes each target. A
 
phase measurement is made on each burst to determine range,; as
 
shown in Figure A-l, this is done by heterodyning to an audio
 
frequency at which an accurate digital phase measurement can be
 
made. This processing also greatly enhances.the measurement ac­
curacy by averaging the many cycles in each burst into one range
 
measurement. Azimuthal twist, or trail angel, is measured by the
 
relative phase or arrival time of each burst (considering the
 
envelope only) relative to any fixed reference or to the phase
 
of the ac motor drive.
 
Mast flexure will have the effect of tilting the range paths
 
and offsetting the scan pattern on the antenna to the point where
 
many of the range targets may be missed. A simple means of sens­
ing this effect is shown in Figure A-2. A fixed secondary beam
 
from the laser is directed upon an array of photodiodes at the
 
base of the'mast; the position of the spot will be determined by
 
the flexure angle, which can be sensed by readout of the photo­
diodes in the array.
 
A corresponding tilt correqtion can be introduced into the
 
scanning beam by means of a rotatable, variable optical wedge
 
that can be positioned by command or be servo action to rectify
 
the tilt.
 
C. OPTICAL TARGETS
 
In many ways, the ideal target for a laser ranging system is
 
the corner-cube retroreflector. These devices, which consist
 
basically of the intersection of three reflective surfaces, have
 
the property of returning virtually all of the incident energy
 
to the source that illuminates them, independently (over very
 
wide angles) of the orientation of the corner cube. Precision
 
corner-cubes fabricated by Perkin-Elmer were left on the moon dur­
ing the recent Apollo 11 mission.
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Although single, large corner-cubes would be difficult to
 
support on the LOFT structure, an array of tiny corner-cubes
 
would not, and would return almost as much light. Corner-cubes
 
measuring about 1 mm on an edge have been fabricated successfully
 
in Perkin-Elmer's optical shops. An array of these mounted on a
 
patch about the size of a postage stamp would fit the LOFT target
 
requirements optically in a mechanically practical package.
 
The key components'of the LOFT Figure Sensor are described
 
in the following tabulation.
 
Space Qualification
 
Component Description Status
 
Laser 	 l mW He-Ne Type Space-Qualified-Laser
 
Program at Perkin-Elmer
 
Produced He-Ne Unit that
 
Operated for 11,000 hr.
 
Retroreflectors l mm Corner-Cubes in Perkin-Elmer Space-Qual­
a 1 in. diam Patch 	 fied Corner-Cubes Placed
 
on the Moon by Armstrong
 
and Aldrin.
 
Spectral Filter 	Solid Fabry-Perot Ele- Space-Qualified Perkin­
ment, -1 A Bandwidth 	 Elmer Fabry-Perot Fil­
ters are being used on
 
NASA AiM Hydrogen-Alpha
 
Telescopes.
 
Scanner 	 AC Motor, l W Size Space-Qualified, Motor
 
plus Simple Optics 	 Driven Optics Used by
 
Perkin-Elmer on ATIM/Hy­
drogen-Alpha and OAL
 
Projects.
 
Electronics 	 Conventional, Chiefly Space-Qualified Electron-

Digital Integrated ics Built by Perkin-Elmer
 
Circuits for Many Projects.
 
Optics Small-Aperture Reflec- Space-Qualified Optics
 
tors and Refractors Built by Perkin-Elmer
 
for Many Projects.
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APPENDIX B
 
DISCUSSION OF MAST BENDING
 
A. STATEMENT OF PROBLEM
 
The base of the LOFT mas defines one fixed coordinate system.
 
The equipment section at the top of the mast defines another,
 
which is aligned with the base system (i.e., same z axis and par­
allel x and y axes) only for the undisturbed position of the mast.
 
Definition of the position of the top sys­
z tem with respect to the bottom system for dis­
tortions in the mast, requires the determination
 
of the displacement of the top, in x and y co­
ordinates, plus a bending angle, 6 and a tor­
-y sion angle, 4­
6 X Available for use: SCADS, a laser/photo
 
diode deflection measuring system, the shape

of mast under bending, and reflection and/or
 
splitting of the laser beam.
 
y B. SUMMARY OF CONCLUSIONS
 
_.- y
 
For bending only, the problem is completely
 
solvable in three ways depending on the-data
 
given. Neither the shape nor SCADS data are
 
necessary.
 
For combined bending and twist two approaches appear accept­
able. If two SCADS are available to determine the angle between
 
the upper and lower ends of the mast (6) then a displacement mea­
surement using a laser and photo diode sensing system uniquely
 
defines the displacement of the top of the mast for any expected
 
combination of mast bend and twist. If only one SCADS is availa­
ble, unique definition of the displacement of the top of the mast
 
is much more difficult. The major probleh encountered is separa­
tion of twist from the effects of bending. The best method ap­
pears to be a laser beam pointed vertically up to a diode sensing
 
system at the feed end of the mast combined with a laser beam 
pointed down to a sensor panel at the antenna vertex end of the 
mast. 
B-1
 
C. MAST BENDING
 
Assuming the mast is not deflected in twist and the bend angle
 
of the top of the mast is less than 2.00, is there a unique solu­
tion for finding the position of the top of the mast?
 
a. Assume the Mast Shape or the Angle
 
6 Is Available - The sensed distance b is
 
defined from a reference frame fixed to
 
_the 
 bottom of the mast to the point at
 
which the beam directed tangent to the
 
mast top strikes the sensor panel. Given
 
I this distance and 6 measured by two SCADS 
I the displacement x is found by x = 6h - b, 
61 h being the height of the mast. The only 
assumptions made are that tan 6 = 6 and
 
2 	 mast foreshortening due to bending is
 
negligible.
 
Given the distance b and the shape,
 
in the form x = c f(z), the displacement
 
of the top of the mast can also be found
 
uniquely. As shown in the sketch, for a
 
fixed shape (but not position) one b cor­
responds to one x. That is to say that 
,reading b from sensors provides data to 
evaluate the c in the shape equation. Thef1 bending angle is then given by 
dx6 = 	 -z[B-l] 
dz 
Two problems are encountered -- (1) the time delay in the de­
termination of 6 by SCADS is undesirable, and (2) from structural
 
analysis, the shape can only be determined -to within 40% accuracy.
 
b. Assume That Neither Angle 6 (Measured by SCADS) nor the
 
Mast Shape Is Available - Removing both shape and delta we are
 
not left with enough information to accomplish the task, there­
fore must add something to the problem to gain more information.
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The first possibility
 
- considered is to split 
a 	 the beam into two prismat­
ically, and establish a
 
fixed angle between them,
 
. Then from geometry
L2 

the horizontal displace­
ment of the mast top, x,
 
can be found.
 
h = height of mast,
 
L 1 = length of path
 
of laser beam 1,
 
L2 = length of path
 
of laser beam 2,
 
b, = distance from impact of beam 1 on sensor panel to
 
base of mast,
 
b2 = distance from impact of beam 2 on sensor panel to 
base of mast, 
a = angle between laser beams,
 
S = elevation of from horizontal,
L1 

y = elevation of L2 from horizontal.
 
Known: a, h, bl, b2
 
Assumption: Vertical foreshortening of the mast is negligible
 
Define: b = +b1 b 2
 
From triangular relationships:
 
tan y = b2 x 	 [B-2] 
h2 x) 2L + (b, -	 [B-3] 
b L 	 [B-4] 
sin a sin
 
and 
=180-a -Y 	 [B-5
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Substituting [B-3] and [B-5] into [B-4] gives: 
b 
sin a 
h2 + (b, -
sin (180 -u -y) 
[-6] 
Now Equations [B-2] and 
Solving for x gives: 
[B-6] have only two unknowns, x and y. 
b+ b2 - h2 + bh cot u 
6 - b1 + x [B-7] 
Mathematically, this equation gives the desired displacement 
but because of the numerical problems involved with working with 
a tall thin triangle (i.e., h = 2100 cm, b < 100 cm) the equation 
becomes so sensitive as to render it practically useless. A com­
puter analysis carried out on this equation, gave the following 
results. For one problem considered, with a = 30, changing b 
from 110 cm to 120 (9%) with h and a constant changed x from 2.7 
cm to 614.1 cm. Also, holding b at 110 cm and making a 1% change 
in h, changed x from 2.7 cm to 180.9 cm. Therefore, unless the 
distances bl, b2 and h can be measured extremely accurately, this 
method cannot be used. 
The second system considered is to reflect the beam back to a 
sensor panel on top. It would be required to both sense the dis­
tance at the bottom and reflect the beam. 
h = height of mast, 
b = distance from base of mast to beam impact point on 
sensor panel, 
= elevation from horizontal of beam, 
26 = total included reflection angle (6 from vertical), 
c = distance from top of mast (reference line) to point 
where beam hits sensor panels. (c is measured _L 
to mast centerline at top, at an angle 6 from hori­
zontal). 
Known: h, b, c 
Assumptions: 1) Foreshortening of mast (h) negligible 
2) Beam is parallel to mast centerline at top 
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From the diagram:
 
= 90° " 	 [B-8]
 
From law of sines on small triangle:
 
c = 2(b +x) [B-9] 
sin (180 -) sin ( -6) 
But from [B-8], 0 -6 = 2- 90. 
Reducing [B-9] using
 
trigonometric relations
 
gives:
 
S-cos 	 28 = -(b 
 + x) sin B [B-l0]

C 
But from diagram:
 
hh	 B h
+ x 

cb 

Ior
 
+ b 	 h cos $ [B-12]
 
sin-P
 
-x Substituting into [B-10]
 
b - and further reducing
 
gives:
 
2 cos 2 + cos -1 = 0 	 [B-13]
c
 
or
 
_ 
2h + V412 
cos = c c2+ 8 [B-14] 
4 
or
 
cos 8 = -h + + [B-15]
 
And then from [B-i]
 
h
 
x =- b [B-16]

tanB
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This combination will give the displacement x and the bending
 
angle (6 = 90 - P ) of the mast top accurately. This equation is
 
not sensitive as the first one was, and is usable.
 
$=arc cos -- + + 2c +2c2 
X tanh P 6= 90 -R [B-17] 
The above method does not necessarily assume small angles for
 
6 which we know will be only a few degrees. There are two methods 
that can be used if we make this assumption. 
Referring back to the diagram, if 6 is small then c will be 
measured nearly horizontally. We know that the distance along 
the upper sensor panel included by 6 is b + x, then the total in­
cluded by 26 is 2(b + x) then c = 2(b + x) or 
b [B-18] 
Also, if we say 6 is small then tan 6 = 6 and from the dia­
gram: 
[B-i9]tan 6 /2 
6 2 [B-20] 
Then:
 
= 900 - 6 [B-21] 
and
 
11 
n b [B-22] 
This provides a much quicker way of determining the angle 8. 
To check accuracy, let h = 2100 cm and c = 100 cm. The first 
equation for 0 gives 8 = 88.6370, which is the correct value. 
This last equation gives 8 = 88.6360, which is correct to 
0.0010. 
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C 
6 2h
 
2h
 
htan 	 b [B-23J
 
Table B-i compares the accuracy of the two approximate methods
 
of calculating the deflection x to the exact deflection. 252
 
cases were run with 5 cm < b < 90 cm and 20 cm < c < 150 cm and
 
h = 2100 cm. Only those with 0 < x < 20 cm were printed.
 
From first glance it appears that the calculation of x from 6
 
= c/2h is the least accurate but this is true only for positive 
x values. It reverses for negatives. Note also that both ap­
proximations tend toward the exact deflection for small values 
of b and c. 
Note: 	 In the case we have been considering, b and
 
x are on opposite sides of the mast. If
 
they were on the same side, several signs
 
in the preceeding equations would reverse.
 
i.e.,

-II­
tan B b +~h 	 [B-24]
 
tb 	 --x
 
I 	 tan = b -[-5 
Hb-
Thus, the distances x, b and c are directional and need the cor­
rect sign in an appropriately defined coordinate system.
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Table B-I Accuracy of Two Approximate Methods of Calculat­
ing the Deflection x to the Exact Deflection
 
SX = - bACTUAL b c 2 

4.857191 70.00 150.00 5.000000 

9.857191 65.00 150.00 10.000001 

14.857191 60.00 150.00 15.000001 

19,857193 55.00 150.00 20.000003 

4.883813 65.00 140.00 5.000000 

9.883813 60.00 140.00 10.000001 

14.883813 55.00 140.00 15.000001 

19.883815 50.00 140.00 20.000003 

4.905428 60.00 130.00 5.000000 

9.905429 55.00 130.00 10.000001 

14.905429 50:00 130.00 15.000001 

19.905429 45.00 130.00 20.000003 

4.926795 55.00 120.00 5.000000 

9.926795 50.00 120.00 10.000001 

14.926795 45.00 120.00 15.000001 

19.926796 40.00 120.00 20.000003 

4.943540 50.00 110.00 5.000000 

9.943540 45.00 110.00 10.000001 

14.943540 40.00 110.00 15.000001 

19.943542 35.00' 110.00 20.000003 

4.957556 45.00 100.00 5.000000 

9.957557 40.00 100.00 10.000001 

14.957557 35.00 100.00 15.000001 

19.957557 30.00 100.00 20.000003 

4.967971 40.00 90.00 5.000000 

9.967971 35.00 90.00 10.000001 

14.967971 30.00 90.00 15.000001 

19.967971 25.00 90.00 20.000003 

4.978330 35.00 80.00 5.000000 

9.978330 30.00 80.00 10.000001 

14.978330 25.00 80.00 15.000001 

19.978332 20.00 80.00 20.000003 

4.985453 30.00 70.00 5.000000 

9.985454 25.00 70.00 10.000001 

14.985454 20.00 70.00 15.000001 

19.985454 15.00 70.00 20.000003 

4.990887 25.00 60.00 5.000000 

9.990888 20.00 60.00 10.000001 

14.990888 15.00 60.00 15.000001 

19.990890 10.00 60.00 20.000003 

4.994702 20.00 50.00 5.000000 

9.994703 15.00 50.00 10.000001 ­
14.994703 10.00 50.00 15.000001 

19.994705 5.00 50.00 20.000003 

4.997402 15.00 40.00 5.000000 

9.997402 10.00 40.00 10.000001 

14.997402 5.00 40.00 15.000001 

4.998911 10.00 30.00 5o000000 

9.998912 5.00 30.00 10.000001 

4.999801 5.00 20.00 5.000000 

Note: All dimensions in centimeters.
 
x from 6= c_&2h
 
5.032456
 
10.032457
 
15.032457
 
20.032459
 
5.026232
 
10.026233
 
15.026233
 
20.026233
 
5.021264
 
10.021265
 
15.021265
 
20.021266
 
5.016550
 
10.016550
 
15.016550
 
20.016552
 
5.013018
 
10.013019
 
15.013019
 
20.013019
 
5.010111
 
10.010112
 
15.010112
 
20.010112
 
5.007265
 
10.007265
 
15.007265
 
20.007267
 
5.005435
 
10.005435
 
15.005435
 
20.005435
 
5.004046
 
10.004047
 
15.004047
 
20.004047
 
5.002583
 
10.002584
 
15.002584
 
20.002586
 
5.001435
 
10.001436
 
15.001436
 
20.001438
 
5.001072
 
10.001073
 
15.001073
 
5.000438
 
10.000438
 
5.000479
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D. COMBINED BENDING AND TWIST
 
Assuming a fixed twist (@) of nIj in addition to the bending,
 
is there a unique solution for the displacement of the top of the
 
mast? 
2 a. Assume SCADS Measurement of 
6 Is Available - Because the two 
Ny 
SCADS read two angles from each po­
sition they can define a coordinate 
system at each end of the mast and 
the angles necessary to transfer 
one to the other (i.e., 6 rotates 
z to z' and 0 rotates y and x to 
y' and x'). 
The displacement of the top can 
z 
x 
y 
be found using any of the equations 
previously presented since'theban­
gle 6 is read directly from SCADS 
data. The equations will be in 
component form, however, because 
the displacement now has an x and 
y component. 
b. Assume SCADS Angle Measurement Is Not Available - It has 
been shown that for bending only the position of the top of the 
mast can be defined using the displacement x and the angle of 
bend 6. When torsion is added, this allows the top to assume po­
sitions that cannot be defined uniquely by these two measurements. 
To determine the position of the mast-top platform we must know 
four pieces of data; an x and y c'ordinate of displacement and
 
two rotation angles-about the platform's own axis. The displace­
ment can be determined, and one of the angles is the bending an­
gle of the top of the mast.
 
Considering a one-beam, no reflection case, the problem en­
countered is that the twist and bending cannot be separated.
 
The following diagrams are views of the bottom of the mast
 
(undeflected) the sensor panels (plane of paper) and point of
 
impact of beam. The beam hits the panels a certain distance
 
from the mast in the undisturbed position. For pure bending,
 
the plane of bending is determined by passing a line through the
 
impact point of the deflected beam on the sensors and the un­
disturbed position (which is known ahead of time) and translating
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it to the center'of the mast. However, if twist is involved but
 
unknown in amount, the line through final and undisturbed beam
 
points is not parallel to the actual plane of bending.
 
Actual Plane of 
Impact Point of 
beam n Sensors / 
Plane of 
Bending Final 
Bending 
Apparent Plane of 
Pure Bending 
Beam 	 Position of Beam
Position After Twist Only
 
-su
 
Final Top of 	 Angle of Twist
 
Mast 	 Beam Mast Moves
 
Position This 
 Mast Tap
Direction 	 Movement
 
These Planes
 
are Parallel
 
Undisturbed Pure Bending 	 Bending & Torsion
 
Considering reflection of one beam back tq a sensor panel on
 
top, we can gather more information.
 
c, 6, x = defined as be­
fore,
 
4 = angle of'twist,
 
by b broken into 
components, 
r = distance from 
mast top that 
beam begins 
26 downward 
6r Ax= r sin 
I 	 Ay r -r cos,= b 
b-	 b =S x t
x x + Ax 
b 	 b +-- r sin 
x 2 
(sin4= 
small angles)
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Solving, we get
 
Sarc 
 cos ( 
 v
 
X 2- bx + r [B-261 
Mathematically, this will give answers, but the problem is 
that to get an angle of twist 4 = 2' requires measuring b = Y 
0.004 cm. This is probably not possible. Furthermore, we have
 
established our x-axis along the direction of bending. We have
 
already shown that we do not know the plane of bending with one
 
beam. However, with the reflected beam, using the initial poifit
 
and the two sensor points where the beam strikes, we can establish
 
a plane approximately parallel to the plane of bending, if the
 
angle of twist is small, and as has been shown, bending is in a
 
plane perpendicular to distance r. The plane thus determined be­
comes less accurate if bending is in other directions.
 
Thus this solution is 'inaccurate and highly restrictive.
 
Using two beams, one sensed and reflected and one only sensed
 
at the bottom, several independent equations are geometrically
 
obtainable for the combined variable x ± r (+ or - depending on
 
direction of rotation of 4)but none can be found to separate x
 
(bending) from q (twist). None of the geometry involves x or
 
separtely.
 
Using two beams, both reflected,
 
-x so b2 , ci,
± r that four distances, bl, 

and c2, are sensed we obtain the
 
C .:. equations 
x 2 b +r 
Nonreflected 
Reflected--
Beam Beam x = - b 2 + rp [B-27] 
2 
- - -e- which appear to give the solution 
b1 b2 but both are solvable only for x ­
r and not for x or 4 independently. 
For a case with two beams dropping nearly vertically down to
 
the sensor panels, there is an approximate way to get a solution
 
that merits attention.
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In the undeflected position each beam hits a distance r from
 
reference z axis. With an arbitrary plane of bending, the beam
 
points will move away and then twist. As shown, the x-direction
 
is defined perpendicular to the line connecting the undeflected
 
beam positions. Then the twist is approximately
 
X1 2 [B-28] 
where and x2 are x-coordi-Plane of x i 
x Bending nates of the final beam points. 
However, this solution ignores 
the twist due to bending be-
Initial 

cause of the crossbar distance
Undeflected 

2r on top of the mast. For a
Position 

bend of 2' in the top of the
 
Position after mast, the twist due to bending
 
Torsion and amounts to about one tenth of
 
Bending a degree.
 
sition after--

Ax Because we desire to find
nding 

2the position of the top of 
2r the mast with respect to the 
bottom, it would be better to
 
make measurements from the 
reference system at the bottom;
 
Adding a light beam at the bottom of the mast with sensors on top 
would solve the problem without reflection. The beam from the 
bottom shines upward vertically along the position of an unde­
flected mast. The distance x can be sensed directly in component 
form (actually -x and y) and the angle of bending 6 calculated by:
 
6= arc tan (b+x) [B-29]
 
or if 6 is such that tan 6 = 6 then, 
6 b x 
= h [B-30] 
B-12
 
Because the upper sensor would road the 
U x x and y displacement to the top of the
 
mast, we know the actual plane of bend-

Upward I ing and then from the position of the
 
Beam- I 	 tangent beam on the lower sensors we can
 
find the twist angle with the method de­
scribed at the beginning of this section.
 
S 
This would solve the problem 	complete-

Downwady. 
ma= Known The vertical beam may be moved to 
Displacement one side to avoid interference with the
 
mast itself without affecting the mathe-

Ib 	 matics as long as its position is cor­
rectly known. To avoid the necessity of
 
having another laser and apparatus at the
 
bottom of the mast, tile beam at the top could be split and half
 
conducted down the center of the mast using a light conducting
 
tube aligned so that it will be reflected vertical.
 
Y
 
P l an e 
of
Final Beam-

Position 	 Bending
 
Undeflected 
 .1 
Beam Position
 
Light
T ube 
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